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ABSTRACT 
Hourly mean rates of transpiration and evaporation of 
intercepted precipitation from Calluna vulgaris (L.) Hull 
were determined by the energy balance approach (Bowen ratio 
technique). A system of differential psychroi:neters mounted 
on reversing boom units was built for the determinations 
of-temperature and humidity gradients above the canopy. 
With this system the sensible and latent heat flux densities 
were evaluated to within ± 15 % for most of the time. The 
Penman-Monteith equation was used to.calculate the bulk 
stomatal resistance, which was usually in the range of 
50 to 175 sm 1 . Graphs are presented showing the magnitudes 
and diurnal trends of resistances and energy fluxes, and 
their inter-relationships. The maximum rates of transpiration 
and evaporation were similar (0.3 mm/hr or-200 Wm
-2  ). However, 
the evaporation rates were about twice as fast as the 
transpiration rates. Comparison with similar studies over 
- coniferous forest, crops and grassland suggests that in the 
dry canopy phase, minimum losses by transpiration, when soil 
water is adequate, are those from Calluna and forests as 
opposed to those from herbaceous crops and grasses; and in 
the wet canopy phase greater losses of intercepted precipitation 
come from forests, less from Calluna and herbaceous crops, 
and the minimum losses from grassland. 
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CHAPTER 1 
INTRODUCTION 
The micrometeorological observations discussed in 
this project were undertaken to provide additional 
information on the water loss from a dwarf shrub vegetation 
widespread throughout much of Britain: a heath community 
in which Calluna vulgaris (L.) Hull is the dominant species. 
Gradually, this kind of vegetation has given way to 
forest plantations and improved pasture, or to agricultural 
crops in regions of arable land as in the south of England. 
In spite of the obvious economic advantages of replacing 
heath vegetation by forest plantations, principally in 
Scotland, the effects of afforestation on catchment areas 
has been a matter of great concern (see, for example, 
Calder & Newson, 1979). 
For an accurate assessment of water yields from areas 
with different plant cover, information is needed on the 
rates at which water is lost by transpiration and by evaporation 
of intercepted precipitation from the different types of 
vegetation. For example, if heath vegetation is to be replaced 
by forest plantations, investigation is needed on the water 
loss from these two types of vegetation in relation to 
environmental variables and also to the physiological and 
structural properties of the foliage. 
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In the last fifteen years, much information on 
evaporation and transpiration from forest has been obtained 
(see for example Jarvis, James & Landsberg, 1976; Jarvis & 
Stewart, 1979). In contrast, detailed information on hourly 
rates of transpiration and evaporation from heathiand is 
comparatively, scarce, despite the considerable amount of 
information on ecological, physiological, growth and other 
aspects of heath communities (see-for example Delany, 1953; 
MacKerron, 1971; Barclay-Estrup, 1971; Bannister, 1971; 
Gimingham, 1972; Grace, 1973; Grace & Woolhouse, 1974; 
Ashmore, 1975; Marrs & Bannister, 1978; Gimingham, 1978). 
Since this project is concerned with the detailed 
investigation of the water loss from Calluna and determinations 
of surface parameters such as the bulk stoxnatal and aerodynamic 
resistances on an hourly basis, methods such as the traditional 
hydrological approaches and the use of porometers were not 
used here for the following reasons. 
The hydrological approaches (Ward, 1975), involving 
the use of lysimeters and rain gauges, are usually accurate 
for long-term estimations of water balance (1 or 2 days át 
least) and do not furnish information on the fundamental 
exchange resistances, which depend on the structure and 
physiology of the vegetation and are required in any predictive 
model. 	 - 
Although porometers can be used to evaluate the diurnal 
and seasonal variations in stomatal resistance of individual 
leaves or shoots (Jarvis, 1981) they are not appropriate for 
investigations of water loss from-wet foliage, which is an 
2 
important consideration in .the hydrological balance. Moreover,. 
in the dry canopy phase, there may be considerable difficulties 
in integrating spot measurements on individual foliage elements 
in order to arrive at accurate estimates of the bulk stomatal 
resistance. 
Continuous estimates of. water loss from either dry or 
wet canopy with surface resistances .may be obtained from 
measurements of wind speed profiles above, the canopy and Bowen 
ratio flux determinations, combined with the Penman-Monteith 
equation. The theoretical considerations involved in this 
approach are presented in Chapter 2. Chapter 3 describes 
the instrumentation used. in this work and some of the design 
features needed to achieve accurate measurements in the field. 
Chapter 4 presents an error analysis of the observed energy 
fluxes and resistances, and in the last two chapters the 
results and conclusions achieved in this work are described. 
3 
CHAPTER 2 
THEORY 
In order to live, organisms experience energy transformations 
and energy transfers. The physical environment is a source of 
radiant energy, water, gaseous elements, minerals and many other 
factors and stimuli needed for the survival, development and 
growth of any species. To understand and explore the interaction 
between organisms and their physical environments, a knowledge of 
exchange processes involving radiation, sensible heat, mass and 
momentum is needed. 
In this chapter àrepresented some of the fundamental concepts 
involved in these transfer processes, along with the theory 
required in the analysis of the observational data collected in 
the course of the project. 
I - Wind Profile - the aerodynamic approach 
The reason for studying wind is that it provides an 
effective medium for transporting heat, water vapour, carbon 
dioxide, and other entities to and from natural surfaces, through 
the turbulent mixing process of the atmosphere. Without this 
essential feature of the wind, the natural environment would be 
very inhospitable indeed. 
When wind speeds are measured at several heights (z) over 
a flat, uniform and extended horizontal terrain, we observe a 
logarithmic decrease of the mean horizontal wind soeed (u);as we 
move closer to the surface, providing the air is at thermal 
equilibrium with . the surface and wind speeds are averaged over 
4 
periods longer than the period of fluctuations in the instantaneous 
wind speed. By plotting u(z) against z (Fig. 2.1), we note 
that the logarithmic wind profile predicts zero wind speed (u = o) 
not at the surface level (z = o) but at a certain height z above 
it. 
(z) 
.5 
C 
0 
b. 
IM 
> 
0 
C) 
= 
ZI 
Wind speed u(z) 
Fig. 2.1 Typical logarithmic wind profile over a flat 
uniform and extended horizontal terrain. 
The parameter z is called 'roughness length', and is 
physically interpreted as a measure of the aerodynamic roughness 
of the surface. Values of z are found to be (typically) one 
order of magnitude smaller than the physical height of the surface 
roughness elements and dependent, to some extent, upon the shape 
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and spacing of the elements, which may range from grains of sand 
and leaves of grass to tree tops. In the aerodynamic sense, z 
may also be interpretad. as the size of the smallest turbulent. 
eddy above the surface over which wind speeds are measured. 
Detailed description of the roughness length z is given by 
Monteith (1975) and by Businger (1975). 
Quite smooth surfaces like bare soil, closely cut lawns and 
even lakes are, to some extent, aerodynamically rough, in the 
sense that they can impose mechanical forces capable. of generating 
turbilence (or eddies) in the air flow. Air molecules striking 
the surface experience forces in the opposite direction to the 
flow. According to Newton's Second Law of Dynamics, the retarding 
forces on air molecules must equal the rate of change of their 
horizontal momentum (mass x velocity). Turbulence in the flow, 
however, enhances the. mixing of air, so, parcels of air molecules 
with different wind speeds are constantly interchanged between 
adjacent, horizontal layers in the atmosphere, promoting an 
effective vertical exchange of horizontal momentum, from levels of 
higher wind speeds to the surface where - air molecules are actually 
brought to rest for an instant. 
The continuous downwards flux. of horizontal momentum is 
manifested at the surface by forces on the direction of the flow, 
as required by Newton's Third Law. This force expressed per unit 
area of level ground is called 'shearing stress', t. Thom (1975), 
elegantly demonstrates, by dimensional analysis, that T is equiva-
lent to the product of density with the square of a velocity, 
and it can be. interpreted as a 'momentum flux density', given by: 
2 
T = 	p u, 	 (2.1) 
where p is air density, and uis the well known so-called 
'eddy (or friction) velocity' representing the effectiveness of 
vertical turbulent exchange in the air flow over the surface. 
Then,u is related to the rapidity with which horizontal momentum 
from the air is transferred to the surface and, therefore, it 
must be in some way associated with the wind profile. 
By plotting u(z) against the logarithm of z, the familiar 
straight line can be drawn through the experimental points, as 
in Fig. 2.2. 
In z 
Slope = d(lnz) 
du 
In zo 
/ 
, 
/ 
/ 
/ 
0 
Wind speed 	u(z) 
Fig. 2.2 Mean horizontal wind speed plotted against 
the logarithm of height (z) over a flat, 
uniform and extended horizontal surface 
(isothermal state). 
The slope of the line, d(lnz)/du, is a oarameter independent 
of the height and it has physical dimensions of (velocity) 1 ; 
then, it is postulated that the slope of the line is proportional 
-1 
to (u) 	, i.e.: 
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d(lnz)/du = k/u t 	 (2.2). 
The constant of proportionality R is known as the von Karman's 
constant, experimentally established to be about 0.41 for any 
type of surface. 
It follows that, in the region near the ground where the 
wind profile is logarithmic ,there exisis a constant momentum 
flux, in the sense that it is height-independent. This region is 
defined as the 'surface boundary-layer'. The depth of this 
boundary-layer, however, depends on the uwind distance of 
traverse across the surface, known as 'fetch'. Adequate fetch 
is required so that the boundary-layer has adjusted to the surface 
of interest. As a rule of thumb, a surface boundary-layer 1 m 
deep is expected for a fetch of 100 m. In practice, the depth 
of the boundary-layer is usually evaluated from wind profiles, 
and flux measurements are confined to the region in which the 
wind profile is demonstrably logarithmic. 
II - Flux Equations and Diabatic Profiles 
Transport of mass and sensible heat in the lower atmosphere 
depends on turbulent diffusion. Even though diffusion is turbulent 
not molecular a form of Fick's diffusion law can be applied to 
describe fluxes in specific directions, by the relationship: 
flux = transport coefficient x gradient 
where, the gradient is that for the entity of interest present in 
unity mass of air, and the transport coefficient is a va2dable 
whose value depends on the turbulent state of the air. Within a 
well established surface boundary-layer, the gradients on the 
vertical direction (z) usually far exceed those on horizontal 
planes above the surface so that the main fluxes. of concern are 
vertical ones. The transport coefficient is commonly replaced by 
the product of air density p (z) and a diffusion coefficient KW. 
The convenience of such procedure is that the mathematical 
manipulations are the same for all transport processes; the units 
of the diffusion coefficients for heat, water, etc. are the same 
and identical to those for molecular diffusion(viz. ;m 2/s); and 
for many conditions of interest, as will be discussed later, the 
diffusion coefficients are multiples of each other so that 
if one is known, the others can easily be found. 
In this way, the vertical flux density of interest can 
be expressed as, for example, for momentum transfer: 
= p(z) K(Z) 	(u/z) 	 (2.3) 
for convective heat transfer: 
C = -p(z) K(z) 	((cT)/z) 	 (2.4) 
for water vapour transfer 
E= -p(z) K(Z) (3q/9z) 	 (2.5) 
where, p is air density; K, 	K, are the diffusion 
coefficients for momentum, heat and water vapour; u is windspeed; 
cis the specific heat of air at constant pressure, T is air 
temperature, q is the specific humidity of air (weight of water 
vapour per unit weight of moist air). 
If the. Reynolds analogy (or similarity hypothesis) approach 
which considers all diffusion coefficients identical to each other 
(Km = K = K = .....) were always valid, then any flux would 
easily be determined since wind profile data provide 4 measure 
Of T,and K could be calculated and then equated with 
and K 
w  to be used in other equations. However, there is 
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considerable debate. in the literature as to the validity of this 
approach.To find out how to determine values of K and its relation 
to other coefficients in all types of thermal stability has been a 
challenge for at least 35 years. Dyer (1974), Yamamoto (1975), 
and Yaglom (1976) have published useful reviews on flux-profile 
relationships for wind and temperature. The reason for such 
a concentration of effort on this rather difficult point is simply 
that without. a proper knowledge of inter-relationships between the 
various coefficients, the aerodynamic approach is restricted in 
application to a very narrow range of conditions. 
Before an introduction of any current flux-profile relationship, 
we need some way of describing the influence of vertical temperature 
gradients on the nature of turbulent boundary-layer flow. The two 
best established parameters which reveal the degree of stability 
or instability in the atmosphere are the Richardson number (Ri) and 
the Monin-Obukhov stability length (L). In symbols, 
- 	* 
- (g/T) (3T/z) 
Ri - (3u/z) 	 (2.6) 
3 . 
L 	 (2.7) 
k g C 	 - 
where T is the air temperature in degrees Kelvin, and g is the 
gravitational acceleration. Thom (1975) explains the physical 
principles involved in these parameters, exposing their dependence 
on the relation between the production of energy by buoyancy forces 
(forces enhancing or damping the vertical movement of parcels of 
air which are hotter or colder than their surroundings) and the 
dissipation of energy by mechanical forces (related to momentum 
exchange) in the turbulent boundary-layer flow. 
* See note on page 31. 
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Because natural surfaces are seldom at thermal equilibrium 
with the air above themvertica1 temperature gradients (dT/dz o) 
develop in the air, indicating the existence of convective flux 
of sensible heat (C). 	During bright sunshine, the earth is 
receiving solar energy, and air temperature near the ground usually 
decreases rapidly with height, say at 1 °C per metre or more. In 
such conditions, the air is said to be 'unstable' because 
any parcel of air pushed upwards by turbulence or irregular 
topography will tend to continue its ascent, since it will be warm, 
light and therefore buoyant with respect to its surroundings. So, 
under unstable conditions, sometimes called 'lapse' conditions, 
Ri is negative and its size is approximately proportional to the 
distance from. the surface. The converse usually happens during the 
night,particularly under clear skies, with buoyancy forces 
suppressing the original displacement, and the atmosphere is said 
to be 'stable.'. So, under stable conditions, sometimes called 
inversion' conditions, Ri is positive. ':Condition of 'neutral' 
equilibrium is achieved when the vertical temperature gradient is 
equal to - 0.01 ° Cper metre, a gradient known as the dry adiabatic 
lapse rate (r) which accounts for changes in the temperature due 
to changes of air density with height above the ground. In practice, 
unless observations are made to a considerable height above the surface, 
the dry adiabatic lapse rate is usually neglected and the atmosphere 
is said to be at 'neutral stability' or at 'adiabatic' conditions 
when the temperature gradient is very close to zero, and so is Ri. 
When the atmosphere is unstable or stable, i.e., at 'diabatic' 
conditions, the wind profile departs from the logarithmical shape 
and. the value of u* is no longer obtainable from the slope of ln(z) 
against u(z), or from Eq. (2.2). Correction functions have 
been derived to investigate the relationship between fluxes 
and profiles. For this task, the Monin-Obukhov stability length 
(L) is considered to be more appropriate than the Richardson 
number (Ri) because Richardson assumed identi€yfdiffusion 
coefficients of heat and momentum (K.ri = K in ) for the derivation 
of Ri (Businger, 1975), an assumption not quite valid as 
indicated by experiment (Pruithet al., 1971, cited by Rosenberg, 
1974 p. 110). 
The well recognised work of Monin and Obukhov (1954) often 
referred to in the literature for its leading role in all attempts 
to treat experimental data (e.g. Dyer, 1974; Businger, 1975; 
Yaglom, 1976) suggested on the basis of dimensional analysis and 
similarity theory (see Munn, 1966, pp. 54-56, for these 
principles of analysis)' generalisation for flux-profile equations 
(see Dyer, 1974) from which the following relationships are 
obtained: 
Km = k u (2.8) 
= k u 	z/h (2.9) 
K = k u* z/ (2.10) 
zh 
Ri = - - 
L 	c m 2 (2.11) 
J-z 
and 
where 	
, 	, and 	are functions of a 
defined as 	= (z/L), which . -In turn is 
stability or instability at the level z 
relationships involving these functions 
Thus, once the functions m' h an 
functions) are known, the dependence of  
'dimensionless height' 
'a measure of the degree of 
above the: ground. Further 
are 'presented in Appendix A. 
, (also called 'univeral' w 
the diffusion coefficients 
K, Kh and K on the atmospheric stability, and the relationship 
between them are determined, as also is the relationship between 
Ri and (z/L). 
It should be noted, in passing, that nowadays there are 
means of measuring fluxes independently of profiles. This is 
done by a method known as 'the eddy-correlation technique', 
proposed by Swinbarik in 1951 but not practicable until recently 
because of the deficiency of proper instrumentation. There are 
now suitable sensing and recording equipment available, but still 
too expensive, principally if one is interested in monitoring 
fluxes for long periods such. asdays:Or seasons and at remote 
locations. Nevertheless, the eddy-correlation technique has been 
particularly useful in the acquisition of short experimental data 
for the investigation of flux-profile relationships, and so to 
determine the universal functions 4(z/L). Meanwhile, the 
aerodynamic approach continues to be used until such time as the 
eddy-correlation technique becomes a completely practicable 
possibility. 
Although rigorous theory on the subject of stability 
correction does not exist yet, there is some consensus in favour 
of the relationships found by Dyer and Hicks (1970), namely: 
m 	- 	 (2.12) 
h 	w = (1 - 16 (z/L))½ 
	 (2.13) 
for the unstable atmosphere; and 
(2.14) 
for the stable atmosphere. 
Once the functions of 4 and 	are known, it follows from 
Eq. (2.11) that, 
	
for unstable: 	Ri = (z/L) 	 (2.15) 
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and for stable: Ri = ((L/z) + 5)_ 1 
	
(2.16) 
Following Paulson (1970), the wind profile equation 
and the flux equations in their general integrated form (see 
Appendix A for:derivations) become: 
U (z) = 	( in (z/z 	 (2.17) 
2 
T = p{(k u(z)/(In (z/z ) -
0 	
(2.18) 
C = pc k u* 	- T)/(ln(z/z 	- 	 (2.19) p 	 0 0 
E = Pk u,, (q - q)/(ln(z/z) - 
	
(2.20) 
where, 
for the unstable boundary-layer: 
= 21n(1+ x)/2)+ in ((1 + x 2 )/2)) - 2tan 1 (x) + ir/2 	(2.21a) 
1 
= 21n ((1 + x2 )/2) 
	
(2. 2lb) 
x = (1 - 16 (z/L))14 
for the stable boundary-layer: 
= 2 = 
	5) (z /L) 
	
(2.22) 
and, T and q are the surface values of temperature and specific 
humidity. 
Hence, values of u* 	0 
and z can be estimated from the wind 
profile even though conditions are not neutral, by plotting 
(in (z) - p) against u(z),• (see Appendix A). 
For r?lativeiy smooth surfaces like bare soils, closely 
cut lawns and lakes, acceptable measurements of fluxes are 
expected with this approach, since the absorption of momentum 
by the surface is dominantly a tangential mechanism of shearing 
stress ('skin friction process'), the sinks and sources for 
momentum, heat and water vapour do not differ significantly, and 
the surface values (T, q) are relatively well defined. 
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However, over rough surfaces like crop canopies and forests 
this approach still has to be confirmed. 
The determination of fluxes above vegetation must be 
approached with great caution. To start with, a better fitting 
for the wind profile is achieved when we plot ln(z - d), instead 
of just ln(z), against u(z). The introduced parameter, d, is 
known as the 'zero-plane displacement'. The adiabatic wind 
profile above vegetation remains logarithmic in shape but it 
behaves as if the "surface" were located at some height (d) 
near the top of the stand and not at the ground, as illustrated 
in Fig. 2.3 (cf. Fig. 2.1). 
FA 
.5 
C 
0 
L. 
0 
0 
0 
h 
d+z0 
d 
WIna speed U 
Fig. 2.3 Adiabatic wind profile over uniform level 
vegetation height h. 
The parameter d can be interpreted as the mean level at which 
momentum is absorbed by the individual elements of the plant 
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community (Thom, 1971). Eq. (2.2) is then modified and re-written 
as: 
d (In (z - d)) 	k 	 (2.23) 
du 	 u* 
Values of d are usually found to be between 0.6 and 0.8 of 
the canopy height, h, but the precise ratio of d to h depends on 
the spacing and on the accumulated area of the roughness elements 
to unit ground area (Monteith, 1975). In practice, d is determined 
by trial and error, either graphically or numerically by statistical 
least square methods. Provided that the wind speed measurements 
refer to essentially neutral conditions, graphically one finds 
the value of d by plotting u(z) agaisnt ln(z - 5), say, for 
several values of 6 around 0.6h to 0.8h, as shown in Fig'. 2.4. 
The required value of d is that of tS for which a straight-line plot 
results. 
in (z- 
too small , 
J. 	 too large 
inz 
0 	
Wind speed U 
Fig. 2.4 Graphical analysis of wind profile to find 
the value of the zero-plane displacement d. 
In a numerical trial and error least squares method, 
various values of d are tried until the sum of the squared 
deviations, E(c .) 
2, 
 has the least value (Tanner, 1964). In a 
brief presentation: 
Let us consider the adiabatic wind profile equation by 
integrating Eq. (2.23), 
= (ut/k) 1nz - d)/z) 	 (2.24) 
The deviations c. are obtained by defining: 
X. = U. - 
1 	.1 
where 
Eu. 
	
= 	 i=1ton and n3. 
n 
= (in (z. - d)) - (ln(z. - d) 
1 	 1 	 1 
where 
ln(z.-d) =E ln(z 1 - d) 
1 
n 
S 	EX. Y. 
xy 11 
S = 
yy 	 1 
It follows that: 
(u/k) = S /S xyyy 
and 
= X. - (u*  /k).Y. 1 	1 	 1 
Several values of d are tried, say in a range o < d < 
and the required value is that for which Z(ej 2 is minimum 
(Fig. 2.5). 
The roughness length, -z, can now be solved by: 
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in z = in (z. - d) - (ku/ut) 
2 
or 
U. 
U.  
E ()2 
d 
zero-plane displacement 
Fig. 2.5 Graph of statistical analysis of wind profile 
demonstrating the manner in which friction 
velocity, u, and the sum of the squared 
deviations, 1., depend ucon the assumed value  - 
of the zero-plane displacement, d. 
It should be pointed out that an overestimation of d will 
result in an underestimation of fluxes (u too low), whereas an 
underestimation of d will result in an overestimation of fluxes 
(u too high). The problem of accurately estimating the 
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parameters .d and z is increased by the fact that, tall or short, 
crops adjust to the mechanical force of the wind by changing their 
structural geometry (bending over or becoming streamlined by the 
force of the wind). 
Stearns (1970) extended the statistical method for 
estimating d and z to conditions of non-neutral stability. 
In his approach, the universal functions are those from the 
model which is well-known and referred to as KEYPS model, the, 
method is programmed in Fortran language for a digital computer, 
and the solutions include standard deviations for d and z 
0 
Another difficulty arises from the fact that the surface 
values, like temperature (T 0) and specific humidity (q0 ), are 
seldom unique and therefore not easily determined. This could 
be overcome by considering the generalised flux equations 
in their derivative form, as follows: 
From Eqs. (2.1), (2.3) and the appropriate Eq. (2. 8) i.e., 
2 
r=pu 
T = p K(u/z) 
K =. k u*  (z - d)/ 	 (now d is needed) m 	 m 
it can be shown that, 
= k (z - d) (u/3z) m 
	 (2.25) 
Combining Eqs. (2.4) and (2.9), the same for Eqs. (2.5) 
and (2.10), and replacing U,,, by Eq. (2.25), we obtain: 
C = pc k2{z - d)2 	
h m1 	 (2.26) p 	 3z
E -p k2 (z - d) 2 	 (2.27) Dz az 
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It can be shown from previous equations, namely Eqs. (2.12) 
to (2.16) that for unstable conditions: 
-1 
h 4)m 	= 	w 	= (1 - 16Ri) 1 	 (2.28) 
and for stable conditions: 
c$ 
h m' = (
4) 	)1 = (1 - 5 Ri) 2 	 (2.29) w m 
The inverse product, (4) 4)), described in Eqs. (2.28) 
and (2.29) is known as 'the stability factor F' (Thom, 1975), 
and it can similarly be applied for any entity x, say, heat, 
water vapour, carbon dioxide and pollutants. 
Although acceptable results have been achieved with this 
aerodynamic approach over short vegetation, e.g. Biscoe et al. 
(1975) over barley, serious discrepancies have been found over 
tall, rough vegetation, e.g. Thom et al. (1975) reported 
.
severe underestimation of fluxes (by a factor of 2 or 3) over 
a pine forest. Because of the aerodynamic roüghnéss of forests, 
the mixing of air above the canopy is very effective, so, the 
vertical gradients are small. As a consequence, if one is working 
with instruments of modest sensitivity, profile measurements would 
have to be taken to a considerable height above the surface, a 
requirement usually prohibited by the lack of sufficient fetch. 
If, on the other hand, one is working too close to the surface, 
the profiles may not be of representation ;of the whole area 
because of interference from localized sources and sinks for heat 
and water vapour in the canopy. 
Convective fluxes of heat and water vapour above canopies, 
however, can always be obtained by another method which imposes 
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Rn 	4 	* 
J kfV 
no restrictions either on the structural parameters z and d, 
- 	 0 
or in terms of instability or stability in the atmosphere. 
Such method is the Energy Balance approach, which shows the 
interdependence of fluxes above the canopy and their relative, 
or absolute, magnitudes. The Energy Balance approach is 
considered next. 
III - Energy Balance 
The Energy Balance approach is based on the First Law of 
Thermodynamics which states that energy can be neither created 
nor destroyed, only converted from. one form to another. This 
means.that, for any system: 
Energy Input = Energy Output + Energy Storage Change 
Let us consider a volume from the soil-plant-atmosphere 
system such as that in Fig. 2.6. 
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Fig. 2.6 Schematic depiction of fluxes involved in 
the energy balance of a soil-plant-atmosphere 
volume (adapted from Oke, 1978) 
We may write the energy balance for the canopy as: 
Rn = C + XE + G + D + .3 + VA 	 (2.30) 
where, 
Rn is the net radiation input to the plant community, 
C is the sensible. heat flux output, 
XE is the latent heat flux output, 
G is the heat flux into the soil, 
D is the net rate at which energy is being removed 
horizontally, 
.3 is the net flux of energy into physical storage, 
pA is the net flux of energy into biochemical storage, 
each of them per unit horizontal surface area. 
From Eq. (2.30) we realise that the magnitudes of the 
convective fluxes of sensible heat (C) and latent heat ( XE) 
are restricted by the amount of energy available, say H, 
in the system, i.e.: 
C + XE = H 
	
(2.31) 
and 
H = Rn - G - D - .3 - pA 	 (2.32) 
Although the available energy H, Eq. (2.32), seems 
complicated, it can be drastically simplified if we take into 
account the relative importance of each term. 
In the first place, the storage terms, .3 and pA, are 
usually smaller than the experimental error in measurement of 
the major term Rn. The term J represents the storage of heat 
(sensible and latent) in the volume of unit cross-sectional area 
occupied by plant tissues and air. Even over forest stands, 
over whole days, .3 is within a few per cent of Rn (Monteith, 1975). 
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The term pA represents the rate at which heat is stored by 
photosynthesis. It is calculated by multiplying the net rate A 
at which CO  is assimilated by the heat absorbed by the formation 
of carbohydrate per unit weight of CO  assimilated p (the specific 
energy fixation for CO 2 , p 	1.5 x lO Jg 1). In day time, 
maximum values of A range from 2 to 5 gm -2  hr 1 , depending on 
species (Monteith, 1975), so that, the term pA is then typically 
6 to 16 Wm 2 , which is a small fraction of Rn (typically 300 Wm-2 
or more). 
Second, the term D, representing the divergence of 
horizontal energy flux per unit of ground area is only negligible 
if a uniform upwind fetch of at least 200 m does exist. With 
enough fetch, D can vary from + 5 Wm- 2  near sunrise to ± 25 Wm- 2 
at midday, but with restricted fetch D may amount to several 
hundred... Watts per square metre, especially near the boundaries 
of irrigated and non-irrigated plots or regions (Thom, 1975; 
Rosenberg, 1974). 
Finally, the terms Rn and G are usually of major importance 
in the available energy equation. Rn is the most important of all, 
not only because of its large magnitude but also because all the 
other terms depend to some extent on the size of Rn and its diurnal 
rate of change. The heat flux into the soil during the day, G, 
is usually between 2 % and 20 % of Rn, partly because the soil 
surface is shaded by the foliage and partly because a large fraction 
of radiant energy is used by evaporation from'th soil (Monteith, 1975). 
Thus, providing a uniform upwind fetch does exist, the 
available energy H can be given by: 
H=Rn - G 	 (2.33) 
Once the available energy H is known, so also is known 
the sum of sensible and latent fluxes (viz. Eq. 2.31), and if 
we know their ratio we can easily obtain their absolute value. 
For historical reasons, the ratio of sensible heat flux to 
latent heat flux is called the 'Bowen ratio (8)', namely: 
XE 	 (2.34) 
The evaporation rate per unit ground area from a plant 
stand can be expressed in terms of latent heat flux density 
by simply multiplying Eq. (2.27) by the latent heat of 
vaporization of water (A), thus: 
XE = -pAk2 (z - d)2 
au 	
w 	
(2.35) 
Provided the gradients are taken at the same level, z, 
the Bowen ratio can be derived by dividing Eq. (2.26) by 
Eq. (2.35), 
= 	T 	w 	 (2.36) 
A 
Since it is of general agreement that OW 
= 	(or 	= K), 
the Bowen ratio can be simplified to.: 
C 
'Q =_i - 	 ( 2.37) 
A 	Dq 
In practice, 8 is usually determined by temperature differences 
at two levels above the surface divided by vapour-pressure 
(instead of sp-ecific humidity) differences measured at the 
same levels. The specific humidity is related to vapour pressure, 
e, by: 
q = 0.622 	e 	 e 0.622 - (P-O.378e) 
24 
where P is the atmospheric pressure. 
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Since P can be considered constant in the surface 
boundary layer, by applying Eq. (2.38) in Eq. (2.37) and replacing 
the partial derivative by a finite difference approximation we have: 
AT 
- Eie 	 (2.39) 
where y = (cP/0.622X) is often called the psychrometer constant. 
So, since the sum of the sensible heat and the latent heat 
are obtainable from Eq. (2.33) and their ratio from Eq. (2.39), 
the individual values can now be obtained by, 
XE (Rn-.G) = 	 (2.40) (l+) 
= (Rn - G) 	 (2.41) 
(1 + ) 
It should, however, be pointed out that the energy balance 
approach is not accurate near sunrise and sunset when a usually 
tends to -1. In this condition, small errors in a lead to very 
large errors in XE and C because the denominator is around zero. 
This. failure is not crucial since evaporation at these hours is-
very small because the available energy is small. Of more 
importance, however, is the effect of advective heat flux (D) 
on the Bowen ratio. Motha et al. (1979) reported inequality 
of K   and K under conditions of regional sensible heat advection, 
with the implication of underestimating the latent heat flux if 
Kh is considered equal to K as usually is assumed In the Bowen 
ratio method. 
Despite these apparent difficulties, the energy balance 
approach has been shown to be accurate for practical applications 
and is widely used. However, the values of 5 observed over a 
given vegetation do not fully describe the vegetation type since 
the partitioning of the available energy into sensible and 
latent heat flux is in response to the interaction of weather 
conditions with the physiological state of the vegetation. 
Furthermore, the mere knowledge of the transpiration rates 
from a given vegetation has little prognostic value unless 
it is associated with some'parameter describing the physio-
logical control of water loss. Such a parameter was proposed 
by Monteith (1963) in terms of an effective stomatal resistance 
of a crop. Nowadays, this physiological parameter is incorporated 
in an evaporation equation, the well known Penman-Monteith 
equation, which is extremely useful in analysing the role of the 
atmosphere and stomata in controlling fluxes above a plant 
community. The parameters and concepts involved in the Penman-
Monteith equation are considered next. 
IV - Penman-Monteith Equation 
The Penman-Monteith equation combines energy balance, 
aerodynamic and physiological parameters. It is formally valid 
for vegetation of any type in any state of water stress, and 
can also be applied for single leaves. The derivation of the 
equation will not be presented here since it can be found 
elegantly derived in Monteith (1964), Monteith (1975), Thom (1975), 
Jarvis (1981) and Monteith (1981). 
The Penman-Monteith equation adopted here is that derived 
in Thom (1975) for its rigorous concept of bulk stomatal 
resistance. 
The Thom's form of the Penman-Monteith evaporation equation 
26 
is given by: 
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All + pc 
p w (e (T(z)) - e(z))/rH 	 (2.42) XE 	- 
A+y(r 	+r 
av sT IrE 
I 
where the introduced symbols are: 
A 	 is the slope, in mbar Ol, of the saturation 
vapour pressure versus temperature curve; 
e(T(z)) 	is the saturation vapour pressure (in mbar) at air 
temperature at level z; 
e(z) 	is the vapour pressure in air at level z; 
is the aerodynamic resistance for heat transfer; 
ray 	is the aerodynamic resistance for water vapour transfer; 
r T 	is the bulk stomatairesistance, an index of the 
physiological control. 
With this approach, the net radiation (Rn) ,air temperature 
(T) and vapour pressure (e) are taken at just one level (z) above 
the canopy, and the resistance analogue concepts are applied. 
The electrical resistance is a familiar concept and it 
can be conveniently used as a basis of a common language for 
biologists and physicists. The flux equations can be written 
in a form analogous to Ohm's Law, which states that the current 
flowing in a conductor is directly proportional to the applied 
voltage and inversely proportional to the electrical resistance 
of the conductor, i.e.: 
flux of electrical charge = potential difference 
resistance 
In cases where the (one-dimensional) flux can be treated 
as constant in the vertical direction z,-e.g. the flux of water 
vapour within the surface boundary layer, Fick's Law can be 
expressed in the integrated form, i.e.: 
potential difference flux 
= 	fz/K(z) 
In this case, the potential driving the diffusion orocess 
is given by the product of the weighted mean of air density (p) 
across the levels z 1 and z 2 with the amount of entity of 
concern present in unit mass of air (e.g. specific humidity q), 
and the aerodynamic resistance is given by: 
z1 
r =f 	z/K(z) a 
Z2 
(2.43) 
• 	 Adjusting Eqs. (2.8) to (2.10) to be applied over vegetation q 
and inserting them into Eq. (2.43), it followsthat,by 
definition, the aerodynamic resistance for momentum, heat 
and water vapour is given by 
1 
r 	= (ku ) 	 ( 1(4, /(z - d))z) 	 ' 	(2 q 44) 
aM * m 
_1 
	
r H = (ku) 	(/(z - d))z) 	 (2.45) 
w r aV 	(ku) 	
( 1(4, /(z - d))z) (2.46) 
Under neutral conditions 0 = 	=w = 1 (Dyer, 1974) 
thus 
-1 
ray = r H = r M = UcU) (JdZ/(z - 
Carrying out the itegraioI frxce level at which the extra-
polated wind speed is zero, i.e. at z = d + z, to a reference 
level z above the canopy 	'yields: 
r aV = r aN = r aM = (ku* 	 • 
) 1n .( ( z - d) /z o ) 	• 	(2,48) 
Solving Eq. (2.24) for ln((z - d)/z) and replacing it in 
Eq. (2.48) it follows that: 
u(z) r =r 	r 
aV 	aH aN 	2 	 (2.49) 
u* 
The Eq. (2.49) can only be considered 'valid if the limits 
of integration in Eqs. (2.44) to (2.47) are the same. This 
means that the apparent sources and sinks for momentum, heat 
and water vapour are at the same level in the canopy. However, 
when form drag (rather than skin friction) is the dominant 
mechanism for the absorption of momentum by the vegetation, 
the resistance to the exchange of momentum between a leaf and 
the surrounding air is smaller than the corresponding resistance 
to the exchange of heat and water vapour which depend on I 
molecular diffusion alone. It follows that the apparent sources 
of heat and water vapour will, in general, be found at a lower 
level in the canopy than the apparent sink of momentum, say 
at .z = d + z' rather than at z = d + z , where z' is 
0 	 0 	 0 
- - 	smaller than z (Monteith, 1975). 
0 
In his derivation of the Penman-Monteith equation, Thom 
(1975) allowed for the discrepancies between the aerodynamic 
• -. 	resistance. As a consequence, the physiological parameter In 
his derivation (r ) should be a better estimate of the true 
- 	- •.. 	. • 	sT 
bulk stomatal resistance than Monteith's original parameter, 
-: - 	which he called the canopy resistance, r (Monteith, 1964). 
- 
	
	 According to Thom (1975) the difference between r and 
rT is given by: 
rc - rT = (1 - (A/y)8) rb 	 (2.50) 
where rb is called the 'excess resistance', namely 
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r  = (ku) 1 ln(z /z') = r 
0 o 	aHV_raM (2.51) 
Typical values of (z/z') for distinct surfaces are 
listed below (Thom,oersonal communication). 
Surface types 	 (z /z') 
forests 	 2 - 3 
field crops 	 5 
ploughed field 	 11 
city 	 50 
Thus, from Eqs. (2.51), for field crops r   is typically 
4 /ut . 
To a good enough approximation, 
4(z) r = r = r + r = - + u 	 (2.52) aV 	aH 	b 	aM u 	u 
In cases of non-neutral conditions, u must be obtained from 
the corrected wind profile (see Appendix A). 
Some workers prefer to find rST  from porometer 
measurements, then inserting values into the Penman-Monteith 
equation to estimate transpiration fates from vegetation 
(Jarvis, 1981). However, the Penman-Monteith equation combined 
with the Bowen ratio technique renders a practical way to obtain 
the diurnal behaviour of the bulk stomatãlresistance, which can 
be described by: 
r 	= (1 +)r. +((A/y)B - l)r 	 (2.53) sT -' 	 aV 
where, r. is the quasi-resistance called the 'climatological 
resistance', defined as: 
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r. 	(PC /y) (óe/H) 
	
(2.54) 
and e is the vapour pressure deficit in the air at a reference 
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level z above the canopy. 
The versatility a".d usefulness of the Penman-Monteith equation 
are very well described by Monteith (1965), Thom (1975) and Monteith 
(1981). Only a few practical cases cannot be handled by the equation 
as, for example, the evaporation from partially wet canopies 
(Shuttleworth, 1976) and the evaporation from row crops with 
incomplete ground cover (Monteith, 1981). 
* - Richardson number 
In this work, the Richardson number (Ri) was estimated by 
using Eq. (2.6) in its finite difference approximation, i.e., 
Ri = -g(AT)(Az)/T(Au) 2 , where (AT) and (Au) are, respectively, 
the differences in the air temperature and in the mean horizontal 
windspeed between the height interval Az = z2 - z1 = (0.9 - 0..3)m 
above the canopy. It has been brought to my attention that there 
are values of Ri in the Table of Results (App. B) which may be in 
error, such as Ri = -2.3 at 7:30 hours on June 21 (page 153). 
Such errors in Ri could be caused by measurement errors in Au, 
when the wooden hut used to house the equipment substantially 
affected the wind profile on days of variable wind direction. 
Errors in Ri affect the correction function p used on the estimations 
of u* , affecting therefore the calculation of r M (see, for example, 
the relative errors of r for June 21 on page a  104). AlthoughaM the values of Ri may 	sometimes prove to be' in error, the 
hourly mean values of u, for thase particular cases are still 
reasonably accurate. This is because the errors in Au are somewhat 
offset by the errors in i caused by wrong values of Ri. It can be 
• 	shown that u = k(Au)/{lri((z2- d)/(z1 - d)) - (ii1(z2) - 
where 	1(z2) and 1(z2) are the integrated correction functions 
for momentum transfer (Eq. A-b, page 145) calculated at the 
heights z2 and z 1 above the canopy. An underestimation of Au 
causes an overestimated value of Ri, which in turn, causes an 
overestimation of the term (1(z2) - ,b1(z1)) in the denominator 
of the equation for u shown above. For this reason the values of u 
are not greatly in error even when Ri was unacceptably low. If 
required, reasonable estimates of Ri can be obtained from data in 
App.B by a relation given in Thom (1975), which in situations of 
unstable atmospheric conditions can be expressed as: 
Rir.=. -gkC (Zr - d)/pc  uT. 
CHAPTER 3 
p 
INSTRUMENTATION AND METHODS 
The work reported in this thesis is concerned with the 
acquisition.... of the surface parameters which characterise the 
as 
structure of the stand, such./z and d; energy exchanged in the 
0. 
vegetation, in the form of radiation, conduction and convection; 
and values of the physiological parameter rT  in relation to its 
role in controlling water loss. For these. purposes, detailed 
experimental observations were carried out on radiation balance; 
conductive heat flux In the soil; and profiles of wind, temperature 
and humidity above the canopy. 
This chapter contains information on: the instruments and 
• -; 	their calibrations; detailed theoretical analysis and design of 
- : 
	
	- the thermometers, psychrometers, shields and reversing boom system; 
the experimental site; dataacqiisition and processing. 
I - Instruments 
A. 	Radiometry 	: 	. •. 	 . 
The all-wave radiation - balance was measured with two Funk- 
type net radiometers placed at about 1 m above the copy surface.. 
- - - - 	The light metalll,.c frame used to hold the two net radiometers also 
supported a small electric air pump which provided a continuous 
flow of dry air through. - the polythene domes, to prevent internal 
- • - - - 	condensation and keep the domes inflated. - 	- 
- 	The net radiometers were calibrated in:the laboratory and 
- 	the calibration factors were compared with those of their S 
calibration certificates provided by the CSIRO. One of the 
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instruments was old and much used, and showed a discrepancy 
of about 10 % between the sensitivities of top and bottom 
surfaces. This net radiometer was overhauled and re-calibrated. 
The longwave. calibration method used was the non-steady-state 
technique described by Idso (1971). This technique is simple, 
inexpensive, easily assembled, and accurate and calibrations 
to within ± 3 % may routinely be achieved. Also, the same set-
up can be used to calibrate soil heat-flux plates (Idso, 1972). 
Briefly, this calibration technique is as follows: 
1. The calibration of net radiometers. 
• Principle: 
Consider a net radiometer located directly over the centre 
of a black metallic plate (in a room), as in Fig. 3.1 
Ai 
I 
I l 
Fig. 3.1. A net radiometer (surface Al) located at a 
distance I', normal to the centre of a black 
metallic plate (surface A2) of radius r. 
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If light and temperature in the room are held constant 
and only the plate temperature is changing, the net radiation 
sensed by the instrument may be expressed as: 
	
= Rc - fccJ (T )4 	 (3.1) 
p 
where Rc is a constant representing the net radiation flux 
resulting from. all non-varying sources, f is the view factor 
for the radiation exchange between the net radiometer and plate, 
C is the plate' s emissivity and T •. is the temperature of the 
plate (in. degrees Kelvin). 
Under these circumstances, the output (OP) from the net 
radiometer may be written as : 
OP = CR - k 
L 
 fecY (T )" 	 (3.2) c 	 p 
where c is a composite of longwave and short wave calibration 
constants (which may differ if the instrument is not well 
designed), and kL  is the required calibration constant for 
the longwave radiation. 	 . 	. 
Thus, if f and C are known, k   may be obtained from the 
slope of OP plotted against (fca (T) 'i ). 
Practice: 	. 	. 	. 
The net radiometers were calibrated in a room centrally 
located in the building. This ensured that the ambient 
temperature was virtually constant during each calibration which 
took about hour. 	. 	 . 
The black plate was an aluminium disk (460 mm diameter, 
5 mm thickness) coated with a paint of known emissivity 
ô. 98 .(produced by the 3M Company . Ltd., under the trade 
mark of "Nextel 101 Velvet ClO Black".) 
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The plate was cooled in a refrigerator and then placed 
at a distance 1 under the net radiometer. The calibration was 
accomplished by simultaneously recording the instrument output 
(OP) and the changing temperature of the plate (T). This 
procedure was repeated for several values of t and also for both 
surface elements of each radiometer. 
The temperature of the plate was measured by PVC isolated 
42 swg copper-constantan thermocouples. Small cavities were 
• 
	
	 drilled from the rear side of the plate and five thermocouples 
connected in parallel were embedded just beneath the black; 
• 	- - 	surface with epoxy resin (Araldite). The thermocouples were 
radially distrthuted in the plate and their leads were kept 
- 	in close contact to the rear surface in order to minimize errors 
due to heat conduction along the wires (Chapman, 1974). 
The view factor (f) was calculated by considering the 
geometry of the plate in relation to the radiometer. Because 
the sensitive surface area of the instrument (Al) is much smaller 
than the plate's area (A2), the view factor may be obtained by 
considering the area Al as an infinitssimal area (dAl). For 
this particular situation, the view factor is given by: • - 
= 	
(3 3) 
-• View factors and their determinations for various 
geometrical problems can be found in engineering text books 
on heat transfer, e.g. Pitts (1977), Chapman (1974), Jacob (1957). 
For a square plate, view factors. are easily obtained from a 
nomogram by Idso (1971). - 
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Results: 	- 
- Values of calibration factor (kL)  were determined for each 
sensitive surface, and determinations were repeated at several 
distances (Z.) to minimize errors, particularly those from view 
factor estimation. An orer-all mean value k  , considering 
values for both surfaces, was taken as the instrument 
calibration factor. 
The calibration factors-obtained for each net radiometer, 
• -_: 	 and the corresponding calibration provided.by  the CSIRO are 
listed below. 	- 	 - 
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Net radiometer no. 6556 (overhauled one) 
(cm) 	 kL(mV/Wm) 
	
4.5 	 0.084 	) 
8.8 	 0.083 	) a) top side facing plate 
18.2 	 - 	0.083 	) 
5.0 	 0.087 	) 
9.2 	 0.086 	) b) bottom side facing plate 
18.5 	 . 	 .0.088 	) 
sensitivity: kL = 0.085 mV/Wm 2 	S 
(standard deviation = 0.002 mV/Wm 2 ) 
CSIRO: kL= 0.085 mV/Wm 2 	(± 2.5 %) 
According to the CSIRO certificate the net radiometers 
had equal sensitivity for short and longwave radiation. This 
was confirmed by outdoors tests (shading technique, Szeicz 1968). 
Determinations of shortwave radiation balance were also 
taken. The instruments used were two Kipp solarimeters 
(Moll-Gorczynski pyranometer): one was facing upwards for 
measuring, the incident solar radiation on the canopy, and the 
other was facing downwards for measuring the fraction of solar 
energy reflected'. from the canopy.  
B. Conductive heat flux in the soil 
Soil heat flux density 'was measured with four soil plates 
horizontally positioned about.3 cm -in' the soil. The transducers 
(disk type.'-.'.-50 ,mm diameter, 3 mm thickness - supplied by Solar. 
Radiation.. Instruments, Australia) had calibration certificates 
from the CSIRO, and they were re-calibrated in the laboratory 
by two different techniques. 
I 
The first method used was that described in Biscoe et al. 
(1977). In this technique the plate is embedded in an insulated 
box containing (usually) sandy soil and the heat flux through 
the soil is estimated from the power dissipated by a heater 
(primary heater). The apparatus is equipped with a secondary 
heater which prevents heat 'loss through the area below the 
primary heater. In this way, most of the heat from the primary 
heater is conducted throUgh the calibration medium. The! 
calibration factors obtained were less than half of those given 
by the CSIRO. Tests on the apparatus revealed no errors that 
could account for such a discrepancy. 
The soil plates were then sent to be calibrated inside 
the original apparatus designed by Bisccet al. at the University 
of Nottingham School of Agriculture, Sutton Bonington, Leics. 
• The results obtained there were also less than half of those 
from the CSIRO. -The calibrations were carried out by !4r. J. 
Moncréiff - in the laboratory of Dr.. N. H. Unsworth, whose help 
is gratefully acknowledged. 	 • 	 • 
• 	Another technique was then used to calibrate the soil plates. 
The second method was that described by Idso (1972), which is 
largely based on the non-steady-state radiation 'method, the 
principle of which was previously presented in section A.l of 
this chapter. The calibration factors' obtained shifted towards 
the CSIRO values,, but the discrepancies were still considerable. 
A list of values obtained by each technique and those provided 
by CSIRO are shown in Table 3.1. 	 : 
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Table 3.1 Soil plate sensitivity factors (in pV/Wm 2 ) 
obtained by two different calibration methods: 
I 
Biscoe et al. (1977) and Idso (1972); and those 
given by the CSIRO calibration certificate. 
SoilPiate No. Biscoe Idso CSIRO (1970) 
265 6.3. 9.8 - 16.4 
252 9.0. 13.2 - 	 23.3 
260 	. 7.6 11.2 .• 	16.4 
259 9.5 14.0 17.4 
A soil heat flux plate consists of a thermopile giving 
an output proportional to the temperature difference across an 
electrically insulated plate. 	The plate material must not be 
water absorbent: 	therefore,. plastic resins, glass or bakelite 
are used. 	Thus, the plate should have a 	unique thermal 
conductivity factor according to its construction, and the 
transducer sensitivity factor should also be unique. 	However, 
the heat flux through the transducer will be equal to that in 
the :soil only if the thermal conductivity of the plate i 
exactly 	the same as that of. the soil, as shown by.Philip (1961). 
Both techniques require neither the knowledge of the thermal 
• conductivity of the medium nor of the transducer. 	However, the 
calibration factors obtained from Bisco&s method depend on the 
• 	
. type of soil used as a calibration medium and on its water content. 
This is because the thermal conductivity of soils, particularly 
sandy soils, is strongly dependent-on-the water content. 	The 
ratio of heat flux through a thin circular transducer (GT)  to 
the flux density through the soil (G) may be estimated from 
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the relation given by Fritschen 8,Gay(1979) 
(GT 	 Ic /G) = { 1 - 1.92 x (1 - (K/)) } , 
	 ( 3.4) 
where X is the ratio of the transducer thickness to its 
diameter, K and KT  are soil and transducer thermal conductivities, 
respectively. 
Typical values of KT for transducers constructed from glass, 
bakelite and plastic resins are about 0.17 Wm 11 (Fritschen;&Gay, 1979) 
Inserting typical values of K for sandy soil (Monteith, 1975 - 
Table 8.2) into Eq. (3.4), it can be shown. that the ratio (GT/G) 
ranges from 0.9 for a completely dry sandy soil, to 0.4 for the 
same soil with a water..content of 40 % •(by volume). 
Suppose the sandy soil used in 	's technique had 'a 
water content of 8 % by volume,, this could lead to an under-
estimation of about 321 (GT/G = 0.68) on the transducer's 
• calibration factor. The ratios of the calibration factors obtained 
from Bisco&s technique to those from Id so t s radiation method 
lie between 0.64 to.0.70. The Idso's technique is not affected 
by the tiermal conductivity of the calibration medium, so, the 
discrepancy between the two methods may be related to a small 
percentage of water in the soil used in Biscoe's apparatus 
Both methods suffer-from errors caused by heat loss. In • 
Biscoe's technique, the heat loss through the side walls of the 
insulated box is estimated to be 10 %, and the convective heat 
loss from the surfaces of the plates.in  Idso's method may not 
be negligible as assumed by the author. Nevèrtheless,.correctiOnS 
for-these errors. would not explain the discrepancy between the 
values of calibration factors obtained in the laboratory and those 
provided by the CSIRO. 	.. 	. 
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The calibration factors used in this work were those from 
Idso's technique. They were preferred to those from Biscoe's 
approach because of the uncertainties related tosoil water 
content, and possible presence of air gaps between the soil and 
the plate, which would reduce the effective area for heat transfer 
(Philip, 1961). The values from CSIRO may no longer hold because 
the plates are old (10 years) and were previously left in the 
field for considerably long periods. 
C. Aneometry 
Wind speeds above the c.nopy were measured with three-cup-
anemometers. Two sets of anemometers of different size were 
used. One set of 6 Porton Anemometers (Spembly Ltd., Andover, Hants.) 
was permanently installed in the field. Wind speeds were measured 
at three levels above the canopy by two anemometers at each level. 
The anemometers at one side of the mast had their cups turned 
180 
0 
 thus, the anemometers at one side were rotating, say, 
clockwise. while the anemometers on the other side of the mast 
were rotating in an anti-clockwise direction.. This, and other 
precautions on handling anemometers in the field, have been 
reported by Rider (1960), Moses etal. (1961) and Gill et al. 
(1967). On the other hand, Bernstein (19.67) and Ramachandran (1970) 
have fully discussed problems which may be involved in wind speed 
measurements --by cup anemometers (despite careful exposure) due to 
variations in wind velocity and direction. Even with careful 
measurements of wind speed, when values of the aerodynamic parameters 
z and d are derived from wind profiles taken at 3 levels only, 
they are very susceptible :to errors.; Errors of 1 % in wind speed 
can induce errors of 30 % in d and more than 40 % in z 
0 
(James, 1977). 
As the fetch (described later) was small, it was necessary' 
to restrict the height of the anemometers to ensure that they 
were all within the boundary layer. For the larger, Porton 
anemometers, it was not possible to use sensors at more than 
3 levels as they would have markedly interfered with 'each other, 
therefore, for some of the work a set of 6 miniature 'cup-
anemometers, similar to those described by Bradley (1969), 
were used. , These were small enough to allow for 6 ensorsJto 
be placed within 1.5- m with no consequent interference. 
Plate 3.1 shows the relative size of the anemometers. Unfortunately' 
the minature anemometers were not sufficiently robust to be used 
in all weather. 
The anemometers were calibrated against a u-type micromanometer 
(Combustion. Instruments Ltd., Staines, Middlesex) connected to a 
Pitot-static tube in laminar flow in a wind'tunnel. Their 
calibrations were checked several times during the experimental 
season.  
Hourly wind profiles were obtained.by averaging six sets 
of wind speeds integrated over intervals of 10 minutes. Further' ' 
details are given in the data aqiisition section. 
D. Thermometry -and Hygrometry 
Air temperature ana humidity were measured at two levels 
above the canopy. Differential psychroxnetry was applied for the 
determination of sensible,and latent heat flux densities, as 
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ANEMOMETER Mø 
~ PE MSLY LTD 
ANDOVER HANTS 
k 	&IP,OZe.5$ 
PLATE 3.1. Comparative size of the Bradley-type anemometer (left) 
and the Porton anemometer. 
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required by the Bowen ratio technique. Measurements of 
absolute air temperature were also taken so that temperature 
dependent parameters, such as the slope of the saturation 
vapour pressure (A), could be properly evaluated. To determine 
the bulk stomafa1ie9itancer 
sT  and its diurnal behaviour, from 
Eq. (2.53) ,averaged values of air temperature and vapour pressure 
deficit (6e) were inferred at a reference level z taken as 
r 
the mean geometric height between two levels z and z2 , i.e., at 
z  = (z1z2)½ 	 (3.5) 
Differential dry and wet bulb temperatures were measured 
by pairs of platinum resistance thermometers (PRT) located at 
heights z1 = 0.30 m and z2 = 0.90 m above the canopy. The PRT 
units were shielded and forced-ventilated. In the same way, 
absolute air temperatures were measured, also by resistance 
thermometers. However, the absolute wet bulb temperature at 
each level were indirectly obtained by measuring the temperatures 
depression between dry and wet bulb by a thermopile system with 
one set of 5 copper-constantan therinojunctions inserted in the - 
dybuftb sheath with the PRT and another set placed in the 
corresponding wet bulb sheath. Fig. 3.2 illustrates the psychrometer 
built by combining PRT. and thermopile. 
;pex tube 
S sealed 
fin wax 
cold junc 
copper tic 
PRT le 
hot junction 
PRT 
0 
thermopile leads 
dry bulb 
	
wet bulb 
- 6mm.4 
Fig. 3.2. Constructed psychrometer probes from platinum 
resistance sensor (PRT) and PVC insulated, 38 swg 
copper-constantan thermopile. 
The PRTs were connected to a four lead-compensated Kelvin bridge 
(Rosemount Engineering Co. Ltd., Sussex) so that a reliable, linear 
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relationship between temperature and bridge output (my), relatively 
free from errors due to changes in the resistance of the sensor's 
leads, could be obtained. 
Calibration of the temperature sensors was done by fitting 
• 	them into an aluminium block (10 cm diameter, 10 cm height) 
containing holes of diameter slightly larger than the PRT sheath, 
and then immersing the block with the. PRTs in a stirred, 
temperature-controlled water bath. The massive aluminium block 
was for damping the small fluctuations in water temperature so 
as to obtain a constant temperature. The block's temperature 
was measured by a Mercury-in-glass thermometer (Gold Line: 
-5 to +50 °C, 0.1 °C/division). 
From several platinum thermometers simultaneously calibrated 
with the same absolute Kelvin bridge, ten PRTs were selected - 
with a sensitivity matched to within + 0.25 %. From them, two 
were used for the absolute measurement of air temperature by 
connecting each of them to an absolute Kelvin bridge. From the 
remaining eight .PRTs, four pairs were selected and connected 
to four differential Kelvin bridges, for differential temperature 
readings. 	• 	• 	• 	-. - - • - . 	- 	. . 	. 
The bridge circuits were modified to be battery operated • 
and tests were carried out to-ensure that the current flow through 
the PRTs sensor was low enough to produce no measurable heating 
effects. The sensitivity of the differential four lead Kelvin 
bridge (about lmV/°C) is double that of the absolute bridge. 
To determine heat fluxes above . vegetation accurate 
air temperature measurements are needed. However, accurate 
measurements do not necessarily ensure valid measurements because 
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it is possible to accurately measure a temperature that is 
completely unrelated to the true value of pir temperature. 
The exposure of the thermometers is extremely important 
in the acquisition of reliable observations, specially in 
field conditions. 
As the success of the whole programme depended on 
reliable temperature and humidity sensing, a reversing boom 
system and, radiation shields were designed specifically for 
the present project. 'Theoretical considerations are presented 
next in order to emphasize some of the design features of the 
temperature sensors and radiation shields required in 
psychrometric measurements. 
Consider a dry bulb thermometer standing outdoors in the 
air. Neglecting the heat conduction along the stem, its energy 
balance is 
Rn=C+J 	 ' 	 (3.6) 
where Rn is the net radiation flux, C is the sensible heat flux 
and J is the.-storage heat flux (all fluxes per unit surface area). 
Following ,Monteith (1975) : 
= (1 	t + S) + CT (Ld + Le - LT) 	(37) 
where, 	 - 
-is the total incident' shortwave radiation (direct + diffuse) 
S 	' is the sunlight' reflected from the environment 
10 is the reflection coefficient of the thermometer 
CT is the surface emissivity of the thermometer 
Ld is the downward longwave radiation flux from the atmosphere 
Le .is.thekngwaIe radiation from the environment 
LT is the longwave flux of full radiation at mean 
thermometer surface temperature T 	 (in- degrees Kelvin) 
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Thus, the thermometer gains 	
- 	t + Se) of shortwave 
radiation plus CT d + 1e of longwave radiation, and 
loses ET LT to its surroundings. 
The average net radiation energy received by the 
thermometer (Rn) is partly lost by conveCtive heat transfer 
to the surrounding air and the remaining energy is stored 
in the thermometer's mass. The convective loss to the air, 
C, is given by 
	
C = .. E (T -T) 	 . 	 (3.8) 
r 	T 	a 
• . 	where TT is the thermometer's surface temperature, and 
P c and T  are, respectively, air density, specific heat 
• 	and temperature. The aerodynamic resistance to heat transfer 
- . 	r} . is dependent upon the wind velocity, the geometry of the 
thermometer and its orientation in relation to witid direction 
(Monteith, 1975). 
- The rate at which heat is. stored in the thermometer, 
expressed per unit surface area, may be written as: 
J = (VC/AT) (dTT/dt) 	. 	. -. • 
where V, C and AT  are the thermometer's volume, volumetric 
heat capacity and surface area, respectively. 	• - 
We can evaluate-the error in the air temperature measurement 
by solving the thermometer's energy balance equation in terms 
of how far might be the thermometer's temperature from the true 
value of air temperature.. To do so, we need to isolate the thermometer 
temperature (TT) from the net adiation term (Rn). If 
environment and thermometer temperatures do not differ very 
much from air temperature we can, to a good approximation, 
express the net radiation term as 
Rn = Rni - C T 4aT3 
a T a (T -T ) 	 (3.10) V 
where Rni is the net radiation considering the thermometer 
at air temperature, i.e.: 
Rni = (1 
- 	 t + S) + CTLd 	T ~ E: 
40T 3
(Te 	Ta) 	(3.11) 
If wedefine a resistance. for radiative heat transfer, 
r 
R 
 ,,as 	 V 
X. 
R 	
PC 
P 
 3 	 (3.12) 4o 
it can be shown that the error in air temperature measurement 
can be given by: 
(TT - Ta) = (r/pc) {ini - 'IC 	(dTT/dt) 	(3.13) 
CT 	CAT 
where r = CT r r/(r + CTrH.) 	
V 
From Eq. (3.13) we identify two types of error: a r
' adiation 
and a thermal lag error (note that (dTT/dt) is negative when 
T , greater than T 
, changes towards T ). 	 V T 	 a 
When the wind speed is sufficient to reduce the value of rE 
well below the value of rR (typically 200 s rn 1 ), it follows 
from Eq. (3.14) that r 	£TrH . In this case, the magnitude 
of the temperature error becomes independent of the thermometer's 
emissivity and strqly dependent upon the aerodynamic resistance 
rH . However,  the natural wind speed is very variable and on days 
of bright sunshine and light winds the error becomes unacceptably 
large. However, the thermometer's temperature would approach the 
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air temperature even at low wind speeds if the thermometer's 
emissivity and reflection coefficient were1 high, i.e. 
1 and 	 This is so because the radiation error 
which depends on the ratio (Rnh/CT) is minimized since the amount 
of solar energy absorbed is more effectively reduced 
(i.e. the term ((1 - PT)T)(St + S) tends to zero). 
Polished metals usually have high values of reflection coefficient 
but low values of emissivity. High reflection coefficient and 
high emissivity may be obtained by covering the thermometer's 
surface with a thin layer of a shining plastic material like 
the aluminized Mylar , or coating the thermometer with brilliant 
- 	
white .paint. Even then, results may not be satisfactory as 
dirt accumulation and weathering effects can reduce the emissivity 
• 	 and reflectivity of the surface. 
Unless the thermometer is very small (like thermocouples 
with diameters of tenths - of millimetres) it ismuch safer to shade 
the thermometer from the sun and .provide a forced ventilation to 
improve the' convective heat transfer. The discussion above is 
useful to 'demonstrate the,design features required for the 
radiation shields since the shield's temperature may be a source 
of error as demonstrated below. 
For 'a shielded.thermometer the net radiation term R.ni 
is reduced to 
Rni = CT 	P'R (Te - Ta) 
	
(3.15) 
where, the effective radiation temperature of the environment, 'P - 
now becomes the effective radiation temperature of the shield 
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if the enclosed thermometer is "seeing" very little of the 
outside environment. 
I 
The error in the temperature measurement for a shielded 
thermometer may be given by 	 - 
(TT - Ta) = (r/rR) e - Ta) - (r/CT) VC (dTT/dt) (3.16) 
PCPAT 
When forced ventilation is provided, the combined 
resistance r tends to c r and Eq. (3.16) can be rewritten asHR 
(TT - Ta) = CT (rH/rR) (Te - Ta) - rHVC/pcAT) (dTT/dt) (3.17) 
It is clear from Eq. (3.17) that decreasing rH.by increasing 
the ventilation rate the error can be effectively minimized. 
However, if a. high ventilation rate is needed, errors in profile 
measurements may arise from the disturbance of air caused by 
the aspiration. Accurate measurements can be achieved with an 
acceptable ventilation rate if the shield temperature (T_ e 
is kept as near as possible to air temperature and the 
thermometer's emissivity is small tT0). Conversely, if we 
imagine now the shield asan uncovered thermometer exposed 
outdoors, it should have external surface of high emissivity 
and reflective power to maintain its temperature near to air 
temperature, even when the wind, speeds are low. 
We move our attention now to the thermal lag error by 
reducing Eq. (3.17) to read: 
(TT - Ta) 	- (rVC/PcA) (dTT/dt) - 	 (3.18) 
From theoretical thermometry, it is known that the change 
in sensor temperature with time (dTT/dt) is proportional to the 
1w 
Go 
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difference of temperature between the sensor and the 
air (TT - T ), i.e.: 
(dTT/dt) = - 	(TT - Ta ) 	 (3.19) 
where the coefficient of proportionality T' is known as 
the 'time constant' of the sensor. Its dimension is that 
of time (s). 
By comparing Eq. (3.18) with Eq. (3.19) we easily deduce 
that the time constant of adry bulb thermometer T 1 is 
T' = (r 
H 
 VC/pc p T A ) 	 (3.20) d  
It should be.pointed out, however, that errors in the 
instantaneous air temperature readings may not always be 
undesirable. Indeed, if one is interested in hourly mean values 
of air temperature, for example, it is helpful to damp the 
sensor's response to quick air temperature fluctuations by 
constructing a thermometer with a large time constant. Eq. (3.20) 
can be used for designing the temperature sensors. Attention 
should be drawn to the fact that variations on the ratio volume/area 
may affect the resistance rH. Detailed information about heat 
transfer involving objects of different geometry can be found 
in text books such as Chapman (1974), Monteith (1975) and 
Campbell (1977). 
Let us consider now the measurement of the water vapour 
content of a sample of air : hygrometry. The moisture content 
of the atmosphere is one of the most difficult environmental 
variables to measure. One of the oldest measuring techniques 
applied in hygrometry studies is that using a psychrometer: 
a pair of thermometers, one of which is covered with a wet sleeve. 
Atmospheric humidity is related to the wet and dry bulb 
temperature of a psychrometer. A unique relationship can be 
obtained only if some care is exercised, such as adequate water 
supply, proper shield and ventilation, etc., as discussed below. 
- Some of the design - features necessary for a proper 
psychrometer maybe explored by analysing some of the errors 
involved in the wet and dry bulb temperature measurements, 
The ideal features for shield and dry bulb thermometers have 
already been emphasized. Let us now consider the shielded 
wet bulb thermometer. Because the wet bulb is using some of the 
energy it receives to evaporate water from the wet sleeve, its 
bulb temperature tends to be lower than air temperature, The 
energy input to the wet bulb is then by net radiation exchange 
with the environment (shield) and convective heat transfer from 
- - 
	
	 the air. The energy input is partly dissipated by evaporating 
water from the sleeve and partly stored in its bulk mass 
- (water film + sensor). 	 - 
The energy balance of a wet bulb thermometer can be - 
- -. - written as 	- 	 - 
Rn+C= AE+J 	 (321) 
where, - 	 - 	- 	 - - 
• 	 Rn 	c (pc /r ) (T - T ) + - c (pc /r ) (T - T ) • (3.22) -- - 	 w 	p R 	e 	a 	•w 	p R 	a 	w 
- - •-, 	 C = (pc /r ) (T • - T ) 	- 	 - 	 (3.23) -pH a 	w 
-: 	 XE = (pc /Y le (T 	-e} /r 	- 	- - 	(3.24) 
J = w 	w w w (V C IA ) (dT w /dt) 	• 	 (3.25) 
The subscript w in Eq. (3.22) to Eq. (3.25) stands for 
wet bulb properties and the resistance ris for the water vapour 
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transfer from the wet bulb to the air. 
For simplicity, two approximations could be made: 
p 
The wet bulb may be considered to be a black body 
radiator since its emissivity is that of water, therefore 
we can consider the case of E = 1 in Eq. (3.21). 
The vapour pressure difference in Eq. (3.24) can be 
expressed in terms of the saturation vapour pressure in the 
air (óe) and the temperature difference between air and 
wet bulb (T - T ) i.e. 
a 	w 
{e 
w 
 (T w 	a 	a 	a 
)-e }=ôe -A (T -T 
w ) 
	 (3.26) 
where the slope of the saturation vapour pressure against 
temperature, A , may be taken either at air or wet bulb 
temperature. 
By applying Eq. (3.22) to Eq. (3.26) in the energy balance 
equation Eq. (3.21) it can be shown that: 
+ A) (T - T ) = 6e 
- y (r /r )(T - T ) + (r /PC )J a 	w 	a 	V R e 	a w 
where y is the '.apparent psychrometer constant' as defined in 
Monteith (1975), given by: . 
	
= yrV(l/rR + 1/r) 	 (3.28) 
At this stage, it - should be pointed out that if the wet 
bulb thermometer is surrounded by a shield at air temperature 
(T =Ta). and if the system is at steady-state (3 = 0), then, 
Eq. (3.27) would be reduced to equation 11.9 presented by 
Monteith (1975). 
(3.27) 
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Comparison of Eq. (3.27) with a psychrometric equation 
derived from thermodynamic theory enables us to define some 
of the design features required for an optimal instrument. 
From thermodynamics we may write 
+ t) (T 
-
TI) = Se 	 (3.29) a 	w 	a 
where T' is the thermodynamic wet bulb temperature, which 
indicates full wet bulb depression, i.e., maximum (Ta - T) 
thermodynamically attainable. 
So, any psychrometric measurement may produce values 
uniquely related to the amount of water vapour in a sample of 
air only if the sources of error from the variables in 
Eq. (3.27) such as shield temperature and resistances are 
minimized. As mentioned before, the resistance for heat 
transfer (rH)  varies with air velocity. In a similar way, 
the resistance to water vapour (ru)  also varies with air 
velocity. If we provide a constant air flow to the wet 
bulb we may obtain a relatively accurate psychrometer by holding 
constant the values of the resistance for heat and water vapour. 
However, it would have an apparent psychrometric constant, as 
stated by Eq. (3.28), which could be accounted for on the calibration 
of the instrument. When the experiment imposes no restriction 
to the forced ventilation strength, a full wet bulb depression 
may be achieved if the ventilation is enough to reduce rwell 
below r . In this case, (rV/rR) 	0 and 	y= 0.66 mbar ° C. 
For practical purposes, Eq. (3.29) may be used for a fully 
ventilated, psychrometer at steady state. 
Thus, providing proper ventilation and inserting Eq. (3.25) 
into Eq. (3.27) it follows that 
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(y + t) (T - T w 	a 	v 	w w p w ) 
= Se + y(r V C /pc A ) (dT w /dt) 	(3.30) a  
The remaining error is transient in character, i.e., T 
still does not reach T' due to the time lag of the wet bulb. 
w 
By subtracting Eq. (3.30) from Eq. (3.29) we can find the 
expression for the time constant r' of a wet bulb thermometer: 
T' = y 	(rVC/pc A) 
W 	
(i + y) 
v w w 	p w 	 (3.31) 
By comparison with the time constant of a dry bulb 
thermometer given by Eq. (3.20), for identical thermometers, 
the wet bulb responds (y/( + y)) times faster than the dry bulb. 
For reasons mentioned before the time lag is sometimes desirable, 
but for techniques such as the eddy-correlation in which 
simultaneous measurements from fast sensors are required, matching 
sensors with respect to time can be a problem since t is strongly 
dependent upon temperature. 
In the light of this analysis,a psychrometer was designed 
to minimize the errors as much as possible, bearing in mind some 
other features such as: easy construction from materials readily 
available, robust and of easy maintenance. A simplified diagram 
of the psychrometer design is shown in Fig. 3.3 
The temperature sensors were platinum resistance wound in 
glass (30 mm length, 3 mm diameter). The sensor elements were 
cemented with paraffin wax in stainless steel sheath (160 mm 
length, 6 mm diameter). 
The thermometers were double shielded. The external wall 
was made of PVC tube (210 nun length, 50 mm diameter) and covered 
with aluminized Mylar (self-adhesive 'Melinex' - Utilex Products 
Ltd.) for its weather resistance properties, its high reflection 
coefficient for short wave radiation (p = 0.8) and high emissivity 
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Fig. 3.3 Diagram of the constructed double—shielded psychrometer. 
(c = 0.9) as demonstrated by Fuchs & Tanner (1965). The 
internal shields were made of aluminium tubes (110 nun length, 
16 mm diameter) for its low emissivity (about 0.08). Aluminium 
tubes of different diameters were tested to maximise the 
efficiency of ventilation, i.e. - : maximum wind speed in the 
annular space between thermometer and shield for a minimum 
fan power consumption. By replacing one of the thermometers 
by a pitot tube of similar size, wind velocities were plotted 
against voltages applied to the fan (Micronel d.c. miniature fan, 
type V361L - Radiatron Components Ltd.). It was found that 
9 volts applied to the fan was enough and convenient in terms 
of power consumption, and that the attained air velocity in 
the annular space was about 5 in S 1 . Checks in the laboratory 
have shown that the flow rate attained at. 9 volts was more than 
enough to provide a full wet bulb depression and that the 
disturbance in the surrounding atmosphere was restricted to a 
small volume around the inlets in the shield. 
The water reservoirs were made from two 15 ml syringes 
joined by their end nozzles with a small piece of plastic tube. 
They were painted white to protect the water in the reservoirs 
from solar heating and to avoid visible light promoting algae 
growth inside the reservoir. Distilled water was used to avoid 
the effects of dissolved salts on the calibration constant of 
the psychrometer. 
Several sleeve materials were tested. Cotton shoe lace 
was found to be-of suitable capillarity, good fit and easily 
replaced. The shoe lace was boiled several times in detergent 
solution containing Na 2CO3 to remove sizing, and then boiled 
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to rinse. The sleeves covered about 2/3 of the PRT sheath to 
minimize heat conduction to the tip of the sheath within which 
the PRT sensor was located. The water feeding system was found 
to be very efficient. 
The time constant of the thermometers were measured by 
placing the shielded thermometer inside a refrigerator and 
then taking it out into the much warmer air of the room. By 
integrating Eq. (3.19) for a step change in air temperature, it 
can be shown that the time constant '' is the time at which 
0.632 of the.total temperature change is completed. It can also 
be shown that, for all practical purposes, thermal equilibrium 
is achieved after aperiod.of 5 T' has elapsed. For the 
ventilation rate chosen, the thermometers' time constanlwere 
about 1½ minutes. Thus, for any step in temperature, equilibrium 
would certainly be achieved after 10 mm. 
Despite the precautions to, minimize errors already discussed, 
systematic errors may still be present in measurements in the field 
due to bad connections, heated junctions, etc. To minimize the 
systematic errors, the shielded psychrometers were assembled on 
a rotating boom .(Fig. 3.4) similar to that described by Black et al (1971). 
The rotating boom differs from the Black's apparatus, being 
constructed to be more versatile (adjustable) and having the 
shielded thermometers in the vertical position (Plate 3.2) so 
that at high solar elevations (mid summer) the radiation intercepted 
by the whole shield would be less than that for a horizontally 
'placed shield. Analysis of radiation interception by several 
objects, including those of cylindrical shape can be found 
in Monteith (1.975) and Gates (1980). 
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Fig. 3.4 Reversing apparatus for Bowen ratio determination, 
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The thermometers.! time constant specified the minimum 
time interval needed before interchanging the psychrometers: 
10 minutes. Absolute and differential temperatures were obtained 
by recording them, reversing the boom immediately after the 
readings, awaiting for 10 minutes and then recording again, 
reversing the boom, and so on. 
To minimize errors because of spatial variations in the 
environment, three reversing booms were used in the field. 
The sensible and latent heat fluxes were determined at 10 
minute intervals from each differential psychrometric apparatus 
- 	 and then averaged, so that the computed hourly mean values of 
C and XE accounted, to some extent, for spatial and temporal 
variations. 
The old technique,. psychrometry, is satisfactory only when 
appropriate operating conditions are met, but sometimes such 
conditions cannot be achieved. Also, within the scope of this 
project was the, search for an alternative hygrometric system 
which did not suffer from the operational difficulties of 
psychrometers, especially in relation to maintenance (to 
eliminate the troublesome water feeding system) and non linear 
response to air humidity. 
The hygrometric system was developed by making use of 
a capacitive humidity sensor produced recently in Finland under 
the trade mark Humicap (Vaisala Oy-Finland). The sensor consists 
of a 1 pm thick dielectric polymer layer which absorbs water 
and causes capacitance changes between a thin gold resistance 
grid. Due to the sensor's small size (4 mm x 6 mm x 0.2 mm) it 
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closely follows the temperature of ambient air so that the 
changes in its capacitance can be linearly related to changes 
on air relative humidity, RH. 
The Finnish company (Vaisala OY) developed an electronic 
circuit which provides outputs (OP) proportional to air 
relative humidity, i.e. 
OP cc RH =(e /e (T )) 
Because of marked hysteresis effects known to be present 
at relative humidity above 80 % and inaccuracy in air temperature 
measurements, it was thought that accurate vapour pressure 
measurements would. be  possible if the humidity sensor were kept 
at a constant temperature, say T, higher than air temperature 
so that the sensor's relative humidity RU' would always be below 
80 %. In this case, the advantages would be: 
No hysteresis effect; 
Reduction of errors due to the sensor's temperature 
coefficient; 
Direct measurement of the vapour pressure in the air 
since the output would be uniquely related to e, i.e.: 
0P'ccRH' = (e/e(T)) 
where e(T) is the saturation vapour pressure at the sensor's 
temperature (kept constant) 
No need to know the sensor's temperature since it 
would be part of the calibration factor. 
A Vaisala humidity sensor was cemented on a thin platinum 
resistance temperature element that was an arm of a Wheatstone 
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balance bridge. A thermostat circuit (on and off type) was 
connected to the bridge circuit so that the PRT, and thus the 
sensor, would always be at a. constant temperature, say 40 °C. 
Part of the electronics were contained in a insulated box 
near the sensor to minimize stray capacitance effects from 
wiring and leads. The sensor was enclosed in a sintered filter 
(37 pm porous guard cup) for its protection and also to increase 
its time response (nominal of about 1 s to 90 % of humidity 
change at 20 °C). 
The humidity sensor was calibrated at several ambient 
temperatures by an A.D.C. Water Vapour Generator (Type WG-600, 
The Analytical Development Co. Ltd.). A nearly linear relationship 
was found between output and vapour pressure in the range of 
5 to 20 mb. . 
Two vapour pressure measuring units were constructed and 
attached to a psychrometer system in a boom for field test 
(Plate 3.3). 
Unfortunately, the system's performance in the field was 
poor and there still are some. technical difficulties to be overcome. 
Possible sources of error could be: 
Inappropriate shielding and layout circuit as regards 
to stray capacitance; 
Poor enclosure protection : condensation and water 
absorption by the porous. guard cup; 
Physical disturbance during transport, ageing effects, 
unknown drifts due to long exposure at high temperature 
or humidity when the system was. non-operative and the 
heaters were off; 
* 
PLITE 3. 3. The shielded Vaisala humidity sensor unit (right) 
attached to a psychrometer unit for field test. 
M. 
d) Ineffective, heating system. performance when exposed 
to an environment of highly variable wind speeds 
(sometimes as much as 5 m s' 1 or more). Perhaps a 
small, but constant ventilation rate should be provided. 
The humidity sensor has attractive features and, perhaps, 
when the technical difficulties are overcome, possibilities 
are that a system for accurate measurement of both absolute 
and differential vapour pressure with some extra features 
such as long term calibration stability, low maintenance, 
negligible disturbance to the ambient being examined, choice 
of short or long time response, may be achieved. 
II - The Experimental Site 
Important conditions to be met in a site for micro-
meteorological observations are: 
level terrain; 
long upwind fetch; 
horizontal plant uniformity; 
easy access to the site; 
electric power supply nearby, if possible. 
In general, for studies of natural plant communities 
at remote sites, any of these conditions are rarely satisfied. 
Heather communities in Scotland are usually found in hilly regions. 
Héathlands are commonly used for sheep farming and grouse shooting, 
which may impose restrictions on sites available because the 
landowner may not agree to allowing areas to be used for long term 
research. 
An experimental site was found near Innerleithen 
(Peebleshire) at about 35 miles south-west of Edinburgh. The 
land belongs to the Forestry Commission, whose co-operation we 
gratefully acknowledge. 
The site location is in the Elibank and Traquair Forest, 
on the top of a hill' (Plora Rig) at about 478 metres (1567 feet) 
altitude, at 
550  36' N latitude and 3° 02' W longitude 
(National Grid Reference: NT 349350) 
The heather community was predominantly CalZ-una vulgar-13 
about 0.25 m height with good plant uniformity. The canopy was 
closed with a leaf area index LAI = 4. 
The site was an elongated (N-S) hill plateau surrounded 
by coniferous forest. The .fetch was short on the E - W direction: 
about 120 m from edge to edge of forest. On the N - S direction 
the fetch was long but disturbed by the topography. The instruments 
were placed at about 150 m from the. southern edge of the plateau. 
To the north, the fetch was. about 400 m, but there were small 
patches of grass. Fig. 3.5 shows. the location of the site and 
a diagram with the distribution of the instruments in the field. 
III - Data Aquisition and Processing 
Because of the short fetch, gradient measurements were taken 
close to the canopy: from 0.3 to 0.9 m above the ground. As 
simultaneous replicates of profiles were taken, the number of 
instruments and thus the number of outputs to be recorded were 
considerable. Readings were taken at every ten minutes and 
recorded in a magnetic tape cassette by a data logger (Solartron 
Compact Logger.-3430). The Compact Logger is capable of recording 
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Fig. 3.5. Site location (Plora Rig) and the distribution of instruments: 
() Kipp solarimeters; (e) net radiometers; (+) wind tower; (o) reversing 
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30 outputs in about 10 seconds, with a resolution of 10 pV 
and small temperature coefficient of about 40 ppm! ° C + 21iV/0 C. 
An electronic device was built and inserted in the 
logger so that when its electronic clock circuit emitted a pre-
scan pulse (a few seconds before the actual scanning) that signal 
was picked up and usefor: 
holding the anemometers output (which i9 being 
integrated by the Spembly unit) in a separate memory - 
bank for recording and, at the same time, re-setting 
the integrators for a continuous integration of 
wind speeds; 
triggering a time delay circuit connected to the booms 
so that just.after the scanning the booms start reversing. 
The data logger was sheltered in an unheated wooden hut 
that also contained batteries and other equipment. Housed like 
this, the equipment worked satisfactorily most of the time, 
though some difficulties were encountered with spurious outputs 
caused by high humidity or internal condensation. 
Since no mains electricity supply was available near the 
site, all the equipment was battery operated. The experimental 
site was 300 m from the forest road and access was difficult. 
The problem of recharging the heavy-duty batteries at the site 
was solved by assembling a wind-power generator on the site. 
The tape cassettes containing the recorded information were 
taken to the Edinburgh Regional Computer Centre (ERCC) to be decoded 
and stored in a file. The outputs collected were then transformed 
into physical variables by the calibration curves and averaged 
to represent hourly mean values, by means of a series of FORTRAN 
programs. Fig. 3.6 is a simplified flow diagram of the data 
a:qiisition and processing system. 
File 
Calculation 
of fluxes and 
resistances 
Decoding 
ERCC 
Calibration 
program 
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Fig. 3.6. Flow diagram of the data acWisition and processing 
system. 
CHAPTER 4 
ERROR ANALYSIS 
An evaluation of how the hourly mean values of fluxes 
might have been affected by measurement errors is presented 
in this chapter. Errors may arise from improper exposure 
of instruments; an inadequate number of replicates; inaccuracy 
of the sensor's calibration and resolution limitation of the 
recording system. The main concern here is with the two last 
sources of error. Whether the instruments were properly exposed 
or- whether the number of replicates was enough, :i eialuat€d 
in the Results chapter. However, some values were borrowed from 
there to illustrate the error analysis presented here. 
A. Errors in fluxes 
The net radiation Rn was directly measured by two transducers 
acting as replicates. The less sensitive net radiometer had a 
calibration factor of 57 pV/Wm 2 and because the data logger had 
a sensitivity of ± 10 iV, a small error of less than 0.2 W m 2 
was due to the recording system. However, an inaccuracy of ± 3 % 
was assigned to the calibration factor, so that the absolute 
error on the net radiation flux, 6 (Rn); was evaluated by adding 
the two errors, i.e.: 
6(Rn) = (0.03.1 Rnl + 0.2)W m- 2 	 (4.1) 
When Rn is near zero the relative error (6(Rn)/IRnI) becomes 
too large, but this effect only occurs briefly near dusk and dawn. 
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Most of the time the calibration error dominates the resolution 
error and, accounting for imperfect levefli.ngof the instruments 
in the field, the mean value of Rn (calculated from the readings 
of the two net radiometers) probably lies within ± 5 % of the 
true value. 
The soil heat flux (G) was directly measured by 4 soil-
heat flux plates.. Their sensitivity were about lOpV/Wm 2 , thus 
a flux of ± 1 	2 was the resolution limit. An inaccuracy 
of ± 3 % was assigned to the calibration factor (Chapter 3). 
However, as previously discussed in the last chapter, errors 
can arise from variations in soil water content. The top layer 
of the soil (about 10 to 15 cm deep) was composed of organic 
matter. Thus, assuming that the thermal conductivity of the 
transducer was 0.17 Wm' 0C-land inserting values of thermal 
conductivity of a peat soil, with different volume fractions of 
water content (Monteith, 1975 - Table 8.2) into Eq. 3.4, we 
may predict an overestimation of 10 % in G when the soil is dry, 
and an underestimation of 20 % when it is wet. By assigning 
an error of + 15 % G we may bracket the errors due to variations 
n soil water content. By adding all the errors we expect the 
error S(G) to be given by:. 
5(G) = (0.201G1+ 1) W'n 2 
	
(4.2) 
Thus, most of the time the values of G are expected to be 
within + 20 %. 
Fluxes of evaporation (XE) and sensible heat (C) were 
determined by combining psychrometric measurements of the Bowen 
ratio () with measurements of Rn and G. Fuchs & Tanner (1970) 
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demonstrate that when the latent and sensible heat flux 
densities are based on differential psychrometry, the relative 
error in C is made up of the relative error of the available 
energy H and those from the differential temperature determinations, 
whereas the relative error of XE is also dependent on the absolute 
values of the Bowen ratio I 1, j. e.: 
6(E)/E = cS(H)/IHI + IS! C 	 (4.3) 
cs(C)/C = 6(H)/IH + 	 ( 4.4) 
where 
C = (( Td)/Td + (T )/T + ôU')I(L\' + -y)) 	(4.5) 
is a group of the relative errors directly resulting from the 
measurements of differential dry bulb temperature (tTd)1 
differential wet bulb temperature (ST) and absolute wet bulb 
temperature (T which affects A') between two levels above the 
canopy; needed in the computation of the Bowen ratio which may 
be calculated from 
= tT/( (1 + E' /y)T - .Td) 	 (4.6) 
Errors in B may critically affect the computation of XE when 
ISi >>1, as previously expressed in Eq. (4.3) 
The relative error of the Bowen ratio is obtained by 
differentiating Eq. (4.6): 
= (1 + 151) 
	
(4.7) 
Thus, once the group of errors 	and the relative error of 
the available energy S(H)/H are known, the relative errors in 
8, XE, and C may be estimated by Eqs. (4.3), (4.4), and (4.7). 
The relative error of the available energy is given by 
6(H)/H = (S(Rn) + S(G))/IRn 	 (4.8) 
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Although the inaccuracy of G is 20 % and of Rn is 
5 %, the relative error of H is dominated by errors in Rn 
because G is usually much smaller than Rn. The inaccuracy 
of H is then about ± 10 %, except when IRn - CI is near zero. 
The relative errors of differential temperatures are 
mainly dependent on the inaccuracy of the sensor's calibration 
and resolution limit of the recorder. For a reversing boom 
system, it can be shown that the relative error of the difference 
measurements (AT) is given by 
= a + (b/ITI) 	 (4.9) 
where 'a' is due to the use of unmatched pairs of thermometers 
and 'b' is a resolution error (AT is either the dry or the wet 
bulb temperature difference). 
Values of 'a' may be estimated from the relative 
error of the slope of the calibration line (ft-student' x S.E. 
slope/slope) or from the agreement between the temperature 
sensitivity of the sensors (for sensors matched to 1 %, a = 0.01). 
Values of 'b' depend on the sensitivity of the recording 
system and bridge circuit. For example, the differential bridge 
had a sensitivity of lmV/°C and the data logger had a sensitivity 
of loiiV, in this case a temperature difference of 0.01 °C could 
be resolved, thus, b = 0.01 °C. 
The pairs of PRTs used in this project had a temperature 
sensitivity matched to 0.3 % (or better), thus, the relative 
errors of differential temperatures were estimated from 
= 0.003 + (0.01/l.iTI) 	 (4.10.) 
For a temperature difference of 1 °C, the relative error 
is just above 1 %, but its value substantially increases as 
the temperature difference gets smaller. At isothermy the 
relative error becomes infinity, consequently the Bowen ratio 
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method fails because of measurement difficulties when the 
gradients are small. 
The relative error involving the slope of the saturation 
vapour pressure at wet bulb temperature (s') depends on the 
accuracy of the measurement of T. The wet bulb temperatures 
were measured to 0.1 °C. The relation between the absolute 
error 6(A ') and T W  may. be 
written as S(AI) 
	w 
) = ('/T )S(T ), thus: 
1' i-y) = ((3A'/3T 
w )/(& 	w 
	
+y))6(T ) 	 (4.11) 
The coefficient (('/T)/(' + y)) ranges from 0.026 
at 0 
0 
 C, to 0.040 °CTat 27 °C. Thus, the inaccuracy of + 0.1 
obtained for T is sufficient to lower the relative error 
w 
(t)/( + y) by an order of magnitude with respect to the other 
terms. 
B. Errors in resistances 
The climatological quasi-resistance ri is given by: 
ri = (Pc (tSe))IiH 
	
(4.12) 
where (Se) is the vapour pressure deficit in the air and H is 
the available energy. The relative error of ri may be obtained 
by differentiating Eq. (4.12) : 
6(n)/ri = (6(6e)/(6e)) + (6(H)/LHI) 	(4.13) 
The relative error of H was already discussed, and the relative 
error of (6e) depends on the accuracy of the wet bulb depression, 
i.e.: 
6(6e)/(6e) =.6(1)/( + y) + (6(T - T w 	d 
)/(T - T w )) 	(4.14) 
d  
Measurements of the wet bulb depression (Td - T) were 
taken at two levels above the canopy by using the thermopile 
system presented in Chapter 3 (Fig. 3.2). The thermopile 
system (5 junction copper-constantan) had a sensitivity of 
about 200 jN/°C, thus, the resolution error 'b. was about 
0.05 °C. The calibration was within 0.3 %, so a = 0.003. 
An averaged value. of (5e) was considered at the reference 
level 
z 
  taken at the mean, - geometric height of the two 
measurement levels (Zr = (z1z2)½) therefore, the relative 
error of the mean (6e) is twice that for individual 
determination 
(cSe)/(Se) = 2(0.003 +0.05/(Td - T)) + 2((t)/(i + y)) 
0.015+ (0 . 1/Td - Tw)) 	 (4.15) 
the relative error S(L)/( + y) was already discussed and 
it has a value of about 0.004 at 27 
0
C. 
The relative error of .r. may be estimated by adding 
all the errors, i.e.: 
6(r i  )/r 	 d 
. = 0.015 + (0.1/(T - T w )) + 5(H)/LHI 	(4.16) 
i  
At air temperature of about 15 °C and vapour pressure deficit 
of 1 mb, (T d - T w ) = 0.6 °C, the relative error of r 1 . is about 
30 %. As the air gets drier, the relative error decreases 
to about 10 %, related to the uncertainties in the measurements 
of the available energy. 
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The aerodynamic resistance for momentum may be written 
as 
	
= (u/u)/u 	 (4.17) 
Errors in rM  are caused by errors in wind profile 
determinations. The relative error of rM  is given by 
(ratd 	(u ô(u/u)/u) + ( 5 (u)/U) 	 (4.18) 
The relative error of u i,, can be estimated from the standard 
error of the slope of the regression of i(z) against ln((z - d)/z). 
The errors in wind speed measurements affect the determinations 
of the parameters d and z0 . This effect may be considered by 
evaluating the error 6 (u/u), given by: 
6 (u/u) = (1/k)(6(z - d)/(z - d) + S(z )/z ) 	(4.19) r 	.r 	 0 o 
Once the overall mean values of d and z 
0 
 are known, the relative 
errors can be evaluated by comparison with the values of d and z 
obtained for each hourly observation. Errors in Zr  dominate 
tne errors or d.(z 
r 	 r 	r 
>>d). The relative error 5(z - d)/(z - d) 
was considered to be within 20 %. The relative error of z 
0 
varied substantially from one determination to another, being 
usually greater than 20 %. The relative error of u* was usually 
about 10 %. In general, errors in raM  were usually large, of 
about 35 %. 
The aerodynamic resistance for heat and water vapour 
raHV is given by 
raH ,V 	( l/k)ln(z 0 0 /z ') =  
U  
+ -, 
U*  
'18 
The error in rHV  is also dependent on the accuracy 
of the ratio x = (z/z') of the roughness parameter for 
momentum to that for heat or water vapour. By differentiating 
Eq. (4.20), the relative error of raHV  may be written as 
5(r 	)/r 	= 	1.1) 	(1/k) (6(x)/x) + 6(u/u) 
 
aH,V aH,V 
(:lfk)lnx + (u/u t ) 
The ratio of the roughness parameters was assumed equal 
to that found for field crops, i.e., x = 5. On the estimation 	- 
of the relative errors of r 
a 	
an inaccuracy of 20 % was
l" 
assigned to the ratio (z 
0/z') and the errors arising from wind 
profile determinations were treated as described before for the 
aerodynamic resistance for momentum. Although the absolute 
errors for raHV  were greater than for r, the relativeaM  
errors of raHV  were slightly smaller. In general, values 
of r aH, V were within 25 %. 
When there were instrumental failures on the anemometry 
system, the aerodynamic resistance was estimated from the air 
temperature difference between the levels z 1 and z2 . By 
assuming that air temperature decreased with the logarithm 
of . height above ground, the temperature difference between the 
reference level (z 
r
)and the mean level of source or sink 
of heat and water vapour in the canopy (z = d + Z') was then 
estimated by triangular similarity onthe line of ln(z - d) 
plotted against T (Fig. 4.1). 
in 
(Z2- d) 
In(Zr d) 
In(zi - d) 
In z 
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Fig. 4.1. The technique for finding the difference of 
temperature between air at a reference level (TZr) 
and the canopy surface (T ,z = d + z'). 
0 	 0 
Knowing that: 
	
=0.3m 
	 d = 0.16 m 
= 0.9 m 	z =0.03m 
0 
z
r 
 =0.5m 
	
(z/z') = 5 
It can be shown that the temperature difference between the 
reference level and canopy surface is given by: 
T - T = 2.4(AT) 	 (4.22) 
0 
The aerodynamic resistance for rHV was then estimated 
by 
rHV = 2.4 pc ST/C 	 (4.23) 
where C is the sensible heat flux derived from the Bowen 
ratio technique. 
The relative error of f 	 , when estimated by this 
technique, depends on the accuracy of C, T and (z 0/z'). 
Thus, in windy conditions, i.e., when the values of the 
Richardson number are not too large, the values of raH,V 
are expected to be within 20 %. The symbol ** was used 
in Table of Results (Appendix B) to indicate when raH,V 
was estimated in this way, and those values were used in 
the calculation of the bulk stomatal resistance. 
The values of bulk stomatal resistance calculated from 
rST 	(1 + 8)r. + ((/-y) - l ) r 
are susceptible to errors arising from the measurements of 
, r. andr  
a 
The absolute error in rST may be estimated by adding 
the error of each of those variables, i.e.: 
Sr ST= (SrST) + (Sr ST ri 	ST a ) + (5r )r 	 (4.24) 
where, 
= (rST/)6() = Ir. + (/y)r(B) 	(4.25) 
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6(r ) 	= Or /r.)6(r.) = Ii + 	16(r.) 	(4.26) STri ST 1 	1 	 1 
6(r 
ST ra ) 	= Or ST a 	a 
/r )6(r 	I a 
6Cr ) (4.27) 
Inserting Eqs. (4.25) to (4.27) into Eq. (4.24) it yields 
• j+ 	6ri , + 
	 .- 	J__.) } 	(4.28 6rST 	II{ jr . 1 IC 
	
T] 11 
r
j. 1 
Y 
 
a 
When values of r and r. far exceed r , the relative error 
ST 	1 	 a 
of rST  is slightly affected by the relative error of r. 
On the other hand, when the air is saturated (r. = 0) the error 
in rST  is then dependent on , r  and their absolute errors. 
In general, the inaccuracy of rST  was about 20 % despite 
the large errors in r. 
It should be realised that the approach to error analysis 
carried out in this work, called the log derivative method in 
Fritschen & Gay (1979), produces larger estimates of error 
than those resulting from a statistical analysis of the probable 
(or standard) errors (Fritschen & Gay, 1979). Therefore, the 
errors of the variables in this work may be considered as a 
pessimistic estimate: errors that might occur in the worst case. 
CHAPTER 5 
RESULTS 
Measurements were taken between May and August - 1981. A 
table of the raw data with hourly mean values of fluxes, resistances, 
air temperature, humidity, windspeed, friction velocity, Richardson 
number, albedo, net income of solar radiation and net long wave 
exchange is presented in Appendix - B (Table of Results) for 20 
days including cases of dry canopy, wet and partially wet canopy. 
This chapter is divided into 5 sections. Section I shows 
characteristic surface parameters: d, z and albedo; a qualitative 
description of trends in fluxes and resistances for different 
weather; examples of errors and agreement of replicates. 
Section II shows values of the available energy H, convective 
heat C, latent heat of transpiration XE, Bowen ratio , bulk 
stomatal resistance r 
sT 
 and the inter-relation between them. 
Section III is concerned with evaporation of intercepted 
precipitation. Section IV is a general discussion in which 
evaporation is compared with transpiration; followed by an 
assessment of water loss from coniferous forest, crops and grassland 
in comparison with heather (Callw'ia vulgaris) for both dry and 
wet situations. 
I - Surface parameters and Energy budget 
- The zero-plane displacement parameter d. 
Values of the zero-plane displacement, d, were determined 
from 19 adiabatic wind profiles, by the statistical method of the 
minimum sum of squared deviations described in Chapter 2 (Section II - 
pp 17). Fig. 5.1 shows a determination of d, in which, the sum 
of the squared deviations had its minimum at about d = 0.13 m, 
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Figure 5.1 - Determination of the zero-plane displacement, 
d, by the statistical method of minimum sum 
of squared deviations. The required value of 
d is attained at about 0.13 m. 
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indicating the value of d which provides the best fitting for 
the line ln(z - d) against u(z). 
From the 19 cases of adiabatic wind profiles a mean value 
of d of 0.16 m (S.D. = 0.03) was derived. 
The canopy height, h, was about 0.25 m and the mean value 
of d obtained fits the relation d = 0.63 h given by Monteith (1975). 
- The roughness parameter z. 
Values of the roughness parameter, z, were derived from 
115 hourly wind profiles. Fig. 5.2 shows a value of z obtained 
from the intercept of the plot of ln(z - d) against u(z), as 
previously described for situations of adiabatic surface boundary - 
layer. Under non-neutral conditions of stability in the boundary,  
layer, values of z were estimated from the intercept of the plot 
of (ln(z - d) - i) against u(z), as described in Appendix A. 
Fig. 5.3 shows the histogram of the roughness parameter z 
obtained from 115 wind profiles. The obtained mean of z was 
0.028 m (95 % C.L. = 0.024 to 0.032). The statistical analysis 
of the mean was done on the values of lnz instead of z because 
0 	 0 
the frequency distribution of z was not a normal distribution, 
but a positively skewed one. 
- The variation-in z from one determination- to- another is - 
0 
unlikely to be real. Calluna plants have small leaves (1 - 2 mm 
in length) and woody stems and branches forming a rigid stand as 
compared to that of a cereal crop. Changes in the structural plant 
geometry by. the wind, as the waving observed in cornfields, for 
example, is not prominent in a Cal7una stand. The sources of 
variations in z are likely to be experimental errors and surface 
irregularities rather than stream-lining effects. 
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The relation between the estimated mean of z and the canopy 
height (h) agrees with that given by Monteith (1975), namely 
z =0.13h. 
0 
- The reflection coefficient (albedo) 
The reflection coefficient of the canopy (p) for solar 
radiation, calculated from 208 mean hourly values, was 
0.13(95 % C.L. = 0.12 to 0.15).. This is an overall value including 
measurements from wet canopy and recorded values in early morning 
and late afternoon. 
The mean value of the albedo for dry canopy was 0.11(95 % C.L. = 
0.09 to 0.13, 78 cases), and for wet canopy it was 0.18(95 % C.L. = 
0.15 to 0.21, 56 cases). It is possible that the canopy wetness 
could cause an increase in reflection; however, low values similar 
to those recorded on dry days were also obtained from wet canopy. 
The higher values of albedo were recorded on misty or foggy days, 
perhaps because of an increase in the ratio of the solar radiation 
upwards to the downwards radiation related to the scattering caused 
by the water contained in the air, rather than on the canopy. 
Landsberg et al. (1973) reported a marked increase in the albedo 
of a spruce canopy on two misty days. Whether such an increase in 
albedo is related to atmospheric conditions or enhanced specular-  
reflection by water on the canopy, could possibly be explained, for 
example, from albedomeasurements taken on dry days over selected 
dry and wet plots of a spinkler-irrigated plantation. 
The overall mean value of albedo (p 	0.13) agrees with the 
daily mean albedo for heather reported by Barry et al. (1966) cited 
in Monteith (1975, Table 5.1). 
- Diurnal trends of fluxes and resistances 
Examples of energy budget and resistance values observed 
under different conditions of weather and canopy wetness are 
presented here for twelve selected days. Figs. 5.4 to 5.16 are 
composed of two parts: 
Part (a) illustrates the hourly mean rates .of.enerqy 
showing that the vegetation gains energy by radiation (Rn); 
loses energy by convective transfer of sensible heat to the 
air (C); loses energy by evaporation (either transpiration 
(XE) or evaporation of intercepted water (XEi) during and 
after rainfall); and the rate at which heat is conducted 
into the soil (G). 
Part (b) illustrates hourly mean values and trends of the 
bulk stomatal tesistance (r$T)  which, as previously discussed, 
is related to the physiological control of water loss by 
transpiration; the aerodynamic resistance (r.)  related 
to the transport of water vapour into air; and the quasi-
resistance (ri) related to atmospheric conditions. 
The twelve figures are divided into three sets, each one 
containing four examples of the energy budget and resistances. 
Sets for dry, partially wet and wet canopy are presented in this order. 
Energy budgets of dry canopy may easily be distinguished by 
markedly higher values of C as compared to XE. The ratio CAE 
(Bowen ratio ) slightly decreased at the end of the experimental 
season (August) possibly because of an increase in the leaf area 
of the canopy which, in turn, increases transpiration and decreases 
rT. 	In general, the energy going into the soil (G) was a small 
fraction of Rn and most of the available energy (Rn - G) goes to 
warm the lower atmosphere. High values of the stomatal resistance 
Ir 
(rST) restrict the rate at which energy is spent in transpiration 
(XE). On the other hand, the low values of the aerodynamic resistance 
for heat (which can be considered identical to r aV ) favour the 
dissipation of the radiation load on the vegetation by transferring 
sensible .heat to the air, decreasing its relative humidity and, 
therefore, usually promoting an increase in the climatological quasi-
resistance r. in the afternoon (Figs. 5.4 to 5.7). 
"Partially wet" in this work is my subjective classification 
of the degree of wetness of the vegetation. By visual inspection 
and by handling, the canopy was considered partially wet when it 
was neither completely wet nor obviously dry, conditions usually 
found just after prolonged periocof rain, foggy mornings, and 
when there was considerable dew formation during the previous night 
or when short periods of drizzle occurred while measurements were 
taking place. For a partially wet canopy, almost the same fraction 
of the available energy is dissipated into sensible heat loss and 
evaporation (C = , XE). The bulk stomatal resistance is not limiting 
the evaporation flux since water is also evaporated from outside 
the leaves and other parts of the plant. Under this situation, 
values of r ST  no longer represent the physiological parameter. As 
the canopy dries out the Bowen ratio increases indicating that 
the energy previously being used to evaporate water from the plant 
surface is now being used to warm up the vegetation. The increasing 
values of rST indicate that water loss is again under restriction 
and the overall behaviour of the system gradually tends to that 
observed in dry conditions (Partially wet: Figs. 5.8 to 5.11). 
Wet canopy observations were usually taken during rainfall 
or in periods of intermittent rain. The partitioning of the 
available energy is quite distinct: a greater fraction of the 
available energy (= Rn) goes to evaporate the intercepted water and 
less energy is left to warm up the vegetation ( Ei> C). The 
stomatal resistance plays no role in the evaporation of intercepted 
water (r sT = 0). Unlike the aerodynamic resistance r aV 
 •(which 
always exceeds zero) the climatological resistance r. is zero 
whenever the air above the canopy is saturated with water vapour, 
which often happened during rainfall (Figs. 5.12 to 5.15). 
- Examples of error estimation and agreement of replicates 
Four days were selected as a representative sample to show 
the relative errors likely to be present in hourly mean values 
of fluxes and resistances, and one day for graphical illustration 
of the agreement between sensors. Error bars were not used in the 
last twenty-four figures for clarity reasons. However, the relative 
errors shown here in tables are for some of those days illustrating 
daily trends. 
For each day, the first three tables give: time of the day 
(GMT); differential dry bulb temperature (T); differential 
wet bulb temprature (ST); the grouped relative error of 
temperatures (c); 	the Bowen ratio () and its relative error 
(/8); the net radiation (Rn) and conductive soil heat flux (G); 
and the relative errors of available energy (5H/H), convective 
heat (SC/C) and latent heat (cSE/E), for each reversing boom unit. 
For easy comparison of fluxes there is another table containing 
only those values of , C and XE derived from each boom. 
Finally, the example is completed with a table of hourly mean 
values of the aerodynamic resistance for momentum (r), heat and 
vapour (raHV); climatological resistance (r.) and the bulk 
stomatal resistance (rT); each resistance followed by its 
relative error represented by6M' 	
6), 	sT°' 
respectively. 
The groups of tables are for: two days of dry canopy 
(the beginning and end of the experimental season); one day of 
partially-wet canopy; and a short set for wet canopy (without 
table of resistances). 
A summer day of broken cloud was chosen to illustrate the 
behaviour of the sensors and the agreement of individual flux 
determinations. 
Fig. 5.17 shows the agreement between the net radiometers. 
The small difference between them was usually because the 
instruments were not identically levelled. This effect is 
characterized by a systematic change of the ratio Rnl to Rn2 
during the day: from (Rnh/Rn2)> 1 in the morning to (Rnl4n2)< 1 
in the afternoon,or vice versa. In general, the agreement of the 
net radiometers was better than 5 %. 
Fig. 5.16 shows the agreement of the soil heat flux plates. 
Discrepancies much greater than that shown in this figure were 
recorded, possibly because the plates were neither perfectly 
positioned nor at the same depths in the soil, or because of non-
homogeneity of soil conductivity. In general, the agreement of the 
soil plates was within 20 %. 
Fig.5.18 shows the agreement of the latent heat flux (XE) 
calculated from each boom unit. The differences were not systematic 
and the agreement was usually within 15 %. 
Fig. 5.19 shows the agreement of the sensible heat flux (C) 
derived from each boom unit. The agreement was, usually within 10 %. 
The discrepancies in flux determinations from booms 15 m apart 
were comparable with the relative errors involved on their computation, 
and the discrepancies were not systematic in character, therefore, very 
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Figure 5.7 - Hourly mean values of: energy flux 
densities (a) and resistances (b) 
for dry canopy. 
21 May 
(a) 
70 
- 60 
so 
Cl, 
U- 
40 
30 
20 
IC 
Partially wet 
0 	I 	i 	I 	I 	i 	I - 1I 	I 
8 .9 	10 11 12 13 14 15 	16 17 
Time GMT 
(b) 
- 180 
Cc 
ISO: 
110 
cc 
,v 120 
cc 
Cl, 
100 
80 
60 
40 
20 
rst 
ri 
Time GMT 
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Figure 5.10 - Hourly mean values of: energy flux 
densities (a) and resistances (b) 
for partially wet canopy. 
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Figure 5.13 - Hourly mean values of: energy flux 
densities (a) and resistance (b) 
for wet canopy. 
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6.5 0.11 0.22 14.2 0.28 18.2 51 1 7.9 22.1 11.9 
7.5 0.10 0.07 24.9 1,49 62.0 98 	3 7.1 31.9 44.1 
8.5 0,30 0.17 9.8 2.48 34.2 276 5 5.9 15.7 30.2 
9.3 0.42 0.25 7.0 1.92 20.4 334 	6 5.8 12,9 19.2 
10.5 0.35 0.23 7.8 1.43 19.0 269 7 6.1 13.9 17.3 
11.5 0.25 0.15 11.3 1.82 31.8 175 	7 6,8 18.0 27.3 
12.5 0,28 0.17 10.1 1.67 26.8 304 4 5.7 15.8 22.5 
13.5 0.25 0.18 10.2 1.15 21.8 246 	6 6.1 16.3 17.8 
14.5 0.24 0.16 11.0 1.36 26.0 257 4 5.9 16.9 20.9 
15.5 0.23 0.14 12.1 1.74 33.1 221 	4 6.0 19.1 27.1 
16.5 0.15 0.10 17.3 1 42 41.8 148 4 6.5 23.8 31.0 
17.5 0.12 0.07 43.2 2.08 71.5 74 	4 8.1 31.4 56.4 
5.5 0.20 0.13 13.3 2.04 40.4 33 	1 9.5 22.8 36.6 	Boom 3 
6.5 0.26 0.36 7,4 0.46 10.5 51 1 7.9 15.1 11.2 
7.5 0.49 0.52 4.6 0.65 7.5 98 	3 7.1 11.6 10.0 
8.5 0.94 0.74 3.0 1,05 6.2 276. 	5 5.9 .8'.9 9.1 
9,5 1.13 0.85 2.7 1.09 5.6 334 6 5.8 8.5 • _S.7 
10.5 0.94 0.69 3.1 1.11 6.6 269 	7 6.1 9.2 9.6 
11.3 0.62 0.45 4.4 9.5 175 7 6.8 11.2 11.3 
12.5 0.86 0.64 3.3 1 
.14 
,04 6.8 304 	4 5.7 9.1 9.2 
13.5 0.74 0.62 3.6 0.85 6.6 246 6 6.1 9.7 9.2 
14.5 0.77 0.60 3.6 0.97 7.0 257 	4 5.9 9.4 9.3 
15.5 0.65 0.50 4.1 1.01 8.3 221 4 6.0 10.2 10.2 
16.5 0.32 0.40 5,0 1.04 10.2 148 	4 6.5 11.6 11.8 
17.3 0.33 0.25 7.6 1.08 15.9 74 4 8,1 15.8 16.4 
Time H BZ 33 Cl C2 	C3 XE3 XE2  XE3 
5,5 32 0.09 0.28 2.04 2 7 	21 30 	25 11 
6.5 50 0.41 0.28 0.46 15 11 16 35 39 34 
7.3 95 0.65 1.49 0.65 38 37 	38 57 	38 37 
8.5 271 1.09 2.48 1.05 141 193 	139 130 79 132 
9.5 323 1.06 1.92 1.09 169 216 	171 159 112 157 
10.5 262 1.06 1,43 1.11 135 154 	138 127 108 124 
11.5 168 1.04 1.82 1.14 36 108 90 82 	60 79 
12.5 300 1.07 1.67 1.04 155 188 	153 145 112 147 
13.5 240 0.90 1.15 0.85 114 128 	110 126 	112 130 
1.5 253 0.94 1.36 0.97 123 146 	125 130 	107 128 
13.3 217 0,92 1.74 1.01 104 138 	109 113 79 108 
16.5 144 0.96 1.42 1.04 70 85 73 74 	59 71 
17.5 70 0.93 2.08 1.08 34 47 	36 36 23 34 
Time r 3% r 3 	% r 3.% r 3 	11 ST am M aB,v 8,v I ST 
71.3 16 36 26 64 67 24 160 56 
6.3 18 	.151 33 102 '53 19 60 110 
7.5 	- 9 173 19 110 46 13 108 25 
8.5 14 73 24 37 30 11 131 19 
9.3 14 31 23 43 27 11 107 18 
10.3 16 45 25 37 28 12 96 19 
11.5 19 29 29 29 31 14 123 19 
12.5 17 30 27 29 23 11 99 17 
13.5 19 29 29 29 38 11 101 17 
14.5 18 29 29 28 37 11 114 17 
15.5 19 29 29 29 39 11 137 16 
16.5 21 29 32 29 44 13 133 20 
17.5 23 29 35 23 54 19 196 25 
106 
Relative errors (%) of fluxes, Bowen. ratios and resistances 
computed from measurements over partially wet canopy (27 July 1981). 
Time - AT4 AT 8 68/8 Rn G 	68/H 	6C/C SE/E 
9.3 0.48 0.35 5.3 1.09 11.3 160 16 8.6 14.2 14.1 Boom 1 
10.3 0.68 0.46 4.2 1.19 9.3 232 20 7.9 12.2 13.0 
11.3 0.86 0.58 3.5 1.15 7.5 268 25 8.1 11.6 12.1 
12. 1.00 0.70 3.0 1.02 6.1 325 32 8.1 11.2 11.2 
13.5 1.08 0.79 2.8 0.99 5.3 347 44 9,0 11.8 11.5 
14.5 0.87 0.69 3.2 0.79 5.8 311 53 10.6 13.8 13.1 
13.5 0.56 0.52 4.3 0.63 7.0 224 32 13.3 17.6 16,0 
16.3 0.71 0.32 3.9 0.97 7.7 297 47 10.4 14.3 14.2 
17.3 0.62 0.29 5.7 3.96 27.5 234 44 11.4 17.1 33.3 
18.3 0.27 0.21 9.1 0.97 17,9 122 43 20.1 29.2 28.9 
9.3 0.34 0.23 7,9 1.27 17.9 160 16 3.6 16.5 19.6 BO= 2 
10.5 0.51 0.30 3.9 1.66 13.7 232 20 7.9 13.8 17.7 
11.5 0.62 0.37 4.9 1.53 12.4 268 23 8.1 13.0 13.6 
12.3 0,73 0,47 4.1 1.22 9.1 325 32 9.1 12.2 13.1 
13.3 0.78 0.30 3.9 1.16 8.4 347 44 9.0 12.9 13.5 
14.5 0.65 0.43 4.3 1.09 9.3 311 33 10.6 13.1 13.5 
15.3 0.41 0.27 6.7 1.18 14.7 224 52 13.3 20.0 21.2 
163 0.55 0.34 5.4 1,40 12,9 287 47 10.4 15.8 17.9 
17.5 0.30 0.30 3.9 1.63 13.6 234 44 11.4 17.4 21.1 
18.5 0.24 0.14 11.9 1.90 34.5 122 43 20.1 32.0 42.3 
9.3 0.36 0.25 7.4 1.19 16.2 160 16 8.6 16.0 17.4 Bo= 3 
10.3 0.30 0.30 5.9 1.38 15.3 232 20 7.9 13.9 17.3 
11.5 0.61 0.38 4.9 1.38 11.6 268 25 8.1 12.9 14.3 
12.3 0.75 0.49 4.0 1.18 8.7 325 32 8.1 12.1 12.8 
13.3 0.78 0.52 3.8 1.07 7.9 347 44 9.0 12.8 13.1 
14.5 0.66 0.44 4.4 1.08 9.1 311 33 10.6 15.0 13.3 
13.3 0.45 0.29 6.3 1.24 14.0 224 52 13.3 19.3 31,0 
16.5 0.62 0,37 4.9 1.53 12.4 287. 47 10,4 15.3 17.9 
17.5 0.57 0.34 5.3 1.65 14.0 234 44 11,4 16.7 20.2 
19.5 0.28 0.13 9.7 1.47 24.0 122 43 20.1 29.9 34.4 
Time H $ 82 83 Cl c2 c3 	XE1 x2 XE3 
9.5 144 1.09 1.27 1.19 75 30 78 69 	44 66 
10.3 212 1.19 1.66 1,58 115 132 130 97 80 82 
11.5 243 . 	1.13 1.33 1.38 130 147 141 113 96 102 
12.3 293 1.02 1,22 1,18 148 161 138 143 132 135 
13.3 303 0.89 1.16 1.07 142 163 156 161 140 147 
14.3 258 0.79 1.09 1.08 114 135 134 144 123-124 
13.5 172 0.63 1.18 1.24 66 93 95 	106 79 77 
16.5 240 0.97 1.40 1.53 118 140 143 122 100 95 
17.3 . 	190 3,86 1.63 1.45 151 118 118 39 	72 72 
18.3 79 0.97 1.90 1.47 39 52 47 40 27 32 
Time r 6% M r 6 	% r 6% 6% 4 aE,V H,v I £ 
9.5 13 20 22 19 7 42 39 38 
10.3 13 30 19 26 10 24 63 25 
11.5 13 20 19 19 15 19 71 21 
12.5 - 14 20 20 19 19 16 70 20 
13.5 14 30 20 24 18 17 64 23 
14.3 12 30 17 26 22 18 68 23 
15.3 12 30 17 25 26 20 91 24 
16.5 12- 34 - 	17 30 29 16 105 21 
17.3 13 30 19 26 37 17 138 34 
185 13 30 19 26 43 27 153 35 
Relative errors (%) of fluxes and Bowen ratios from 
measurements over wet canopy (8 August 1981). 
Tie. ; 	ir V 	 9 	S 	oS/S 	an 	0 oa/a OC/C 5!/Z 
	
7.3 -0.06 -0.10 27.3 0.36 37.1 	16 	1 14.7 41.9 24.5 Bcc I 
0.3 -0.12 0.29 12.4 -0.13 14.2 43 2 1.1 25.5 15.0 
9.5 0.02 0.29 54.0 0.03 55.7 	29 	3 12.3 66.3 14.4 
10.3 0.15 0.33 10.0 0.22 12.3 49 	4 	9.9 19.9 12.1 
11.3 0.29 0.41 	1.6 0.40 	9.3 	73 4 3.2 14.9 10.8 
12.5 0.39 0.33 3.9 0.31 6.3 97 	6 	9.0 11.8 10.3 
13.5 0.41 0.35 	5.9 0.91 	11.3 	72 7 9.3 13.4 14.9 
7.5 0.01 0.03 133.9 0.17 156.7 	16 	1 	14.7 148.6 37.4 9ac 2 
3.5 -0.01 0.16 106.8 -0.03 110.1 23 2 13.1 119.9 16.3 
9.5 0.03 0.19 25.9 0.13 29.2 	49 	3 12.3 38.7 16.2 
10.5 0.13 0,24 12.3 0.30 16.2 49 4 	9.9 22.3 13.6 
11.5 0.21 0.29 	3.8 0.44 12.7 	73 	4 9.2 17.0 12.1 
12.5 0.34 0.41 6.0 0.51 	9.0 97 4 	9.0 13.9 11.0 
13.5 0.24 0.31 	9.0 0.46 11.7 	72 	7 9.5 17.3 13.2 
7.5 0.08 -0.03 46,4 -0.34 71.5 	16 	11 	14.7 61.1 39.7 
8.5 -0103 0.17 39.8 -0.07 42.6 23 2 13.1 52.9 13.9 
9.5 0.07 0.20 19.9 0.18 23.5 	28 	3 1'.3 32.7 16.4 
10.5 0.12 0.23 12.9 0.26 16.3 49 4 	9.9 22.8 13.3 
11.5 0.23 0.30 	9.3 0.48 12.3 	73 	4 3.2 16.5 12.2 
12.5 0.38 0.43 5.6 0.56 	3.7 97 6 	9.0 13.3 11.1 
13.5 0.27 0.34 	7.2 0.48 10.7 	72 	7 9.3 16.8 13.0 
31 	3 2 	83 	CI 	C2 	Ca 	X31. 	XZ2 	XE3 
7.5 	L5 	0.36 0.17 -0.34 	4 	2 -19 	11 	13 	33 
9.5 21 -0.15 -0.03 -0.07 -4 -t 	-2 25 22 23 
9.3 	25 	0.03 0.13 0.19 	1 	3 4 	4 	22 	21 
10.5 45 0.22 0.30 0.26 3 10 	9 37 35 36 
11.5 	19 	0.40 0.44 0.48 	20 	21 22 	49 	48 	47 
12.3 91 0.41 0.31 0.56 33 31 	33 56 60 58 
13.5 	65 	0.91 3.46 0.4831 	20 21 	34 	45 	44 
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Figure 5.16 - Agreement between soil heat flux plates. 
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Figure 5.17 - Agreement between net radiometers. 
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Figure 5.18 - Agreement betweeen latent heat fluxes 
(XE) calculated from each boom unit. 
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Figure 5.19 - Agreement between sensible heat fluxes 
(C) calculated from each boom unit. 
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little can be said about the horizontal divergence of sensible 
and latent heat. fluxes, except that it is likely to be very small 
as compared to the Rn term in the available energy equation. 
II - Dry canopy 
The analysis in this section is based on 78 hourly mean 
observations selected to represent the dry canopy situation. 
- The available energy H 
According to Eq. (2.32), the available energy is given by 
H = Rn- G - D - 3 - PA 
From theoretical considerations it was assumed that the 
available energy could be approximated to H =Rn - G. Now 
this assumption can be verified by experiment. Although no 
photosynthesis experiments were carried out in this project, 
the biochemical storage term (PA) can be estimated from laboratory 
observations done by other workers. MacKerron (1971) reported 
a maximum CO2 assimilation rate, for Calluna vulgaris of about 
2 to 3 g m 2 h 1 . 'The assimilation of 1 g of CO  produces 0.7 g 
of carbohydrate' with a heat of combustion of about 1.7 x lO 3 g 
(Monteith, 1975). Therefore the maximum biochemical storage is 
about 10 Wm 
The physical storage term (3) can be written as 
3=3 +3 +3 
h 	V 	veg 
where the subscripts "h" and "V' 1 are respectively for the storage 
of sensible and latent heat in a column of air of unit cross-
sectional area extending from the soil to a reference level z' 
above the canopy; and the subscript "veg" stands for the heat 
stored by the vegetation. 
Thom (1975) demonstrates that the terms of J can be estimated 
110 
from: 
0.3z' 6; 
0.5 z' 66 
J 	 - 
veg0.8m 	6T 
veg 0 
where, 6T is the representative temperature change within the air 
	
column in 
0 
C,per hour; 	68 is the representative vapour pressure 
change in mbar per hour; mveg  is the mass of the vegetation per 
unit ground area, and ÔT is the representative rate of change of 
the temperature of the vegetation in 
0 
C per hour. 
Fig. 5.20 shows the trends of air temperature (T),canopy 
temperature .(T) and air vapour pressure (e) for a summer day. 
The greater changes of temperature and vapour pressure 
likely to occur near dusk and dawn are roughly: 
3 °C/h; &I 	5 °C/h and 66 = 1 mb/h. The mass of 
the vegetation over unit ground area was about 1 Kg m 2 and the 
height of the air column to be considered is & = 1 m. Thus, 
Jh 0 . 9 Wm 2 
0.5 W M_
2 
J 
veg 
The absolute maximum value of the physical storage is then 
J = 6 W m- 2 (J > 0 near sunrise and J <0 near sunset). 
The horizontal flux divergence term D is very difficult to 
estimate. Nevertheless,-its magnitude was obscured by the 
experimental errors on the calculations of C and XE, as previously 
mentioned. Since, on average, values of C were about 200 W m- 2 
and XE about 100 W m 2 and the -relative errors werabout 15 %, the 
divergent horizontal flux could be as large as 30 W m- 
2 
 at midday 
and still not be detected. 
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Figure 5.20 - Trends of air temperature (T), canopy 
temperature (T )' and air vapour pressure (e) 
0 
for a summer day. 
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Figure 5.21 - Relation between soil heat flux density (G) 
and windspeed above the canopy (u). 
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-2 
The soil heat flux term G was, in general, about 10 W in 
reaching 25 W m 2 or more just after midday. It seems that the 
rate at which heat was conducted into the soil was related to the 
windspeed above the canopy, - as-shown in Fig.. 5.21: the higher 
the windspeed the faster the rate of heat conducted into the soil. 
This indicates a transfer by convection of heat from warmer top 
layers of the canopy to the soil surface. 	Some of the scatter 
in the figure could be attributed to variations of soil thermal 
conductivity with water content. 
As expected, the radiation term Rn dominates in the available 
energy equation. In general, Rn averaged about 320 W m 2 . 
sometimes being as large as 600 W m- 2. Good linear relationships 
were found between the net radiation Rn and the incident solar 
radiation St; and also between Rn and the net input of solar 
radiation (1 - Pc)Stl as shown in Fig. 5.22 and Fig. 5.23: 
Rn = 0. 73S 
Rn = 0.82(1 - P c ) St 
The value of the reflection cofficient p derived from c 
these relations is p = 0.11, in agreement with the mean value of 
albedo for dry canopy. 
From Monteith (1975), the net radiation above the canopy is 
given by: 
RI1 =(l_Pc )St + Ld_Lu 
where Ld  is the downward long wave flux from the atmosphere, and 
L is the upward long, wave fluxs from the canopy. Thus, the relation 
Rn = 0.82(1 - 	implies that, on average, during the day, the 
long wave loss of radiant energy from the canopy was proportional 
to the incident solar radiation, as shown in Fig. 5.24: (Lu Ld) 
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Figure 5.22 - Relation between net radiation (Rn) and 
incident solar radiation (Se)  flux densities. 
NI 700 
•- 600 
C 
500 
•; .400 
z 
300 
200 
100 T 
0 
Rn=(O.82±a02)(1)S(5t10) 	 X  
r2= 0.98 	
•X 	
X 
X X 
xxx 
X XX 
X/X 
YX 
 P 
XX X  
XX 
0 100 200 300 400 500 '600 700 800 
Net incident solar radiation, 0 -p)St / Wm 
Figure 5.23 - Relation between net radiation (Rn) and net 
incoming solar radiation ((1 - Pc)St) flux 
densities. 
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Figure 5.24 - Relation between long, wave loss from the canopy 
CL - L d ) and income solar radiation (S 
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Figure 5.25 - Relation between available energy (H) and 
income solar radiation (Se) flux densities. 
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Since Rn far exceeds the other terms, the assumption 
H Rn - G was valid. Indeed, the available energy could just be 
considered equal to the net radiation term. The relation between H 
and Rn gives H = 0.96 Rn, indicating that G was on average about 
4 % of Rn. 
For practical purposes, the available energy may be estimated 
from the incoming solar radiation obtained at a meteorological 
station nearby. Fig. 5.25 shows the relation between H and S: 
H = 0. 7S 
The relations shown are statistical correlations, therefore, 
they only provide accurate predictions under average conditions. 
- The convective heat C 
The overall mean value of C at midday was about 200 W 
sometimes as large as 400 W m 2 . Figs. 5.26 and 5.27 show the 
linear relationship found between C and Rn; and between C 
and S. 
For practical purposes, the rate at which the canopy transfers 
heat to the air may be estimated either from: 
C = 0.73 Rn - 24 
when Rn is monitored dn the site, 
or, C = 0.53St - 28 
when S is available irom a meteorological station nearby the site. 
- The latent heat XE 
Typical values of XE were around 100 W m- 
2, 
 which means an 
overall transpiration rate of about 0.15 mm/hr at about midday. 
The maximum value of XE was 190 W m 2 (0.29 mm/hr). 
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Figure 5.26 - Relation between sensible heat (C) and 
net radiation (Rn) flux densities. 
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Figure 5.27 - Relation between sensible heat (C) and income 
solar radiation (St)  flux densities. 
The Penman-Monteith equation (Eq. 2.42) predicts that 
transpiration rates increase with increases in either available 
energy (H) or in vapour pressure deficit in the-air (5e), or both. 
The relative importance of H and Se in driving transpiration may -
be evaluated by analysing the ratio of the two terms in the 
numerator of the equation, i.e., by analysing 
J = (pc e/rH)/H 
From the 78 cases 85 % of values of J were in between 0 and - 2. 
The mode: J = 1, indicates that the term containing cSe is 
equally important as the term with H, in driving transpiration. 
A linear relationship (somewhat scattered though) was found between 
XE and Rn, as shown in Fig. 5.28. Since the available energy 
(H = Rn) was linearly related to the income of solar radiation, 
the relation between XE and 
St 
 was also linear, as shown in 
Fig. 5.29. 
For practical purposes XE may be estimated either from 
NE = 0.23 Rn + 24 (in Win 2 ) 
or from 	 - 
XE = 0.17 S + 23 (in 	
-2) 
t 
To convert values of XE from 
-2 
 to mm/hr, the following 
relation applies: 
lWm 2 = 1.5 x 10 mm/hr 
- The Bowen ratio 
The ratio of heat loss from the canopy to the air to the 
latent heat used in transpiration ( = C/XE) was in the range 
0.4 to 5. The sensible heat flux density was twice the latent 
heat density so, a typical Bowen ratio for dry canopy could be 
considered as = 2. 
Fig. 5.30 shows the frequency distribution of the observed 
Bowen ratios. 
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Figure 5.28 - Relation between latent heat (XE) and net 
radiation (Rn) flux densities. 
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Figure 5.29 - Relation between latent heat (XE) and income 
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- The bulk stomatal resistance r 
sT 
Values of r T 
 were usually small in the morning and gradually 
increased during the day, as previously shown in Figs. 5.4 to 5.7. 
About 80 % of the observed stomatal resistance values were in the 
range 50 and 175 s m 1 , and the most frequent was about 
rST 120 s m- 
1. 
 Fig 5.31 shows the frequency distribution 
of r 
s 	 sT 
(one high value of r = 401 s m 1 was discarded for 
better class division in the histogram). 
For practical purposes, it seems possible to roughly estimate 
values of rST  from easily obtainable climatological variables, 
namely: incident flux density of solar radiation (St)i  air 
temperature (T) and relative humidity (rh). To derive an 
expression relating rST  to these variables, the following approach 
was used. 
It can be shown from the Penman-Monteith equation (Eq. 2.42) 
that the bulk stomatalresistance may be written as 
r 	= (pc /yXE)1A(T - T) + (1 - rh)e (T)} - r 
ST p 	o 	 w 	aV 
where T is the temperature of the canopy and T is air temperature 
at a reference level 
z 
  above the vegetation (other symbols as 
before). 
As previously shown, transpiration rates could be estimated 
from the knowledge of the incident solar radiation through a relation 
XE = a St + b. 
Although direct measurements of canopy temperature were not 
taken, the temperature difference CT - T) could be evaluated from 
the relation C = pc (T - T)/r 	since the sensible heat flux (C) 
p 0 	 aH 
and the aerodynamic resistance (r 	were measured. By linear 
regression on {r BC/Pc } against S, a relation between (T - T) 
20 
>. 
C.) 
Cr
CD 
 
U- 
V 
C 	
170 194 218 242 266 290 
Stomatal resistance, rst / sm1 
Figure 5.31 - Frequency distribution of the observed 
values of bulk stomatal resistance (r 
77 cases included. 
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and St  was derived 
(T -T) =0.007 t S +0.3 
0  
r = 0.84 
95 %C.L. slope = 0.007 +0.002 
95 % C.L. intcp. = 0.3 ± 05 
Thus, the temperature difference between vegetation and 
air (measured at Z r = 1/2 m above ground) could be obtained by 
a relation such as (T - T) = c S 
0 	 t 
In this way, a rough estimation of rT  might be possible 
by an empirical relation given by: 
r 
PC 
-) ACS 
	 e (T) 
(l 
+ 	w 	
- rh)} - r =(— 
ST 	y (aSt + b) 	(aSk + b) 	 aV 
The slope 'of the saturation vapour pressure () may be 
estimated at air temperature (it should be calculated at 
(T + T) /2 because it varies considerably with temperature). 
The multiplicative factor (pc/y) varies slightly with 
temperature, humidity and atmospheric pressure, but it may be 
estimated for the average weather and considered constant 
throughout the season. In general the air temperature was about 
15 °C, the relative humidity was around 75 %, and the atmospheric 
pressure was 960 mb. For this climatological situation: 
	
-3 	-1 
(pc /y) = 1945 J mb 
-1 
In general values of ray  were about 25 $ m . If windspeed 
measurements are not available r 
aV 
 can either be considered constant 
or completely neglected since it is usually much smaller than rST. 
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Fig. 5.32 shows the. agreement between observed values of 
rST and predicted values. The constants considered were: 
(pc/'y) = 1945 Jni 3 mb 1 
r aV 
. = 25 s m 
a = 0.17 
b = 23 
c=0.007 o Cm 
 2 
W
-1 
 
Figs. 5.33, 5.34 and 5.35 show the behaviour of the bulk 
stomatal resistance to changes in solar radiation, air temperature 
and relative humidity, according to the derived empirical relation- 
ship. They show that in the absence of light the stomata are 
probably closed (indicated by high values of rST at St = 0) 
but as-soon as the sun rises they rapidly open up. However, 
the degree of stomatal opening depends' on' air temperature and 
relative' humidity, but because at dawn the air temperature is 
usually low and the relative humidity is high, the stomatal 
resistance is then small. As the air temperature increases, 
and the relative humidity decreases during the day, the stomata 
tend to close up (rT  increases). They may continue to close 
as sunlight declines near dusk, 'unless air temperature in the 
afternoon falls sufficiently low so that the air tends to 
saturation 'and' low values of r sT 
 might be expected. 
III - Evaporation from wet canopy 
Only 56 hourly'._ mean values of fluxes were selected from 
days of 'wet canopy' to avoid possible situations of partially 
wet canopy, since no measurements on the degree of canopy wetness 
were made. The selection was done rejecting cases in which the 
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values of rST  were likely to be real and not just effects of error, 
which are considerable because of the notorious difficulty in 
taking measurements in rainy weather. 
The observed evaporation rates of intercepted water 
CE.) were in the range 0.03 to 0.3 mm hr- 1 (22.to 203 	
2) 
On average, the fraction of the available energy used in evaporation 
(c = XE./H) was about 0.60. However, there were a few situations 
3- 
(10 % of the cases) in which the evaporation exceeded the available 
energy. This phenomenon may occur when the air above the canopy 
is not saturated (just after rain or even during the rain) and the 
aerodynamic resistance to water vapour transfer to the atmosphere 
is small enough so that the fast evaporation rate cools the canopy 
below air temperature and the air becomes a source of heat for 
evaporation. This is likely to occur in' tall vegetation like 
forests or even for short vegetation like heather at windy sites 
and exposed to low levels of net radiation. Fig. 5.36 shows the 
observed evaporation rates and two theoretical lines plotted against 
the available energy (H). The theoretical lines were calculated 
from 
XE = (H +Pcpe/ra)/(A + i) 
by using field values of H, usual air temperature (T = 10 °C) and 
aerodynamic resistance (r aV = 25 s m 1 ) and two levels of vapour 
pressure deficit in the air: Se = 0 and Se = 2 mb. The points above 
the 1:1 line for H < 130 
-2  are cases in which the energy 
spent in evaporation was greater than the available energy. We 
note that if the vapour pressure deficit in the air were constant 
at Se = 2 mb the energy spent in evaporation would only be less 
than the available energy for values of H > 200 
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also shows that the usual field condition was at saturated 
atmosphere (Se = 0). The scatter of the observed values on 
the theoretical line is mainly because the air was not at a 
constant temperature but in the range 7 to 18 °C (t varies from 
0.7 to 1.3 mb o C-- l) and also:because of measurement errors. 
For a rough estimation, the evaporation rate of intercepted 
water could be calculated from 
E. 	0.4 x 	S 
t 
 (in mm/hr)) 
3.  
or 
XE. = 0.3 S (in 	
_2) 
3. 	 t 
where the. solar radiation flux density (Se)  could be obtained 
from a meteorological station near the site. Fig. 5.37 shows 
the relation between evaporation rate of intercepted water and 
incident solar radiation. 
IV - General discussion 
- Comparison of transpiration with evaporation of intercepted 
water. 
The observed maximum transpiration. rate (0.28 mm/hr or 
190 Wm 2 aes not significantly differ from maximum evaporation of 
intercepted water (0.30 nun/hr or 203 	
2) 	
However, based on 
the relation of XE. and XE to solar radiation S,evaporation rates 
rarely exceeded twice that of transpiration for the same flux of 
solar radiation. Higher evaporation rates would be possible since 
no stomatal control exists on water loss from a fully wet canopy. 
How much faster than transpiration can evaporation possibly be, 
under the same weather, is easily evaluated from a relation given 
by Monteith (1981), namely: 
(E. /E ) = 1 + (y/ (A + y))(r /r 
1 T 	 sT aV 
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Thus, under the same weather the evaporation rate of 
intercepted water (E..) usually exceeds the transpiration rate 
(ET) to an extent depending on air temperature (through L) 
and on the ratio of stomatal to aerodynamic resistance (r T/r V 
The term solely dependent upon temperature (y/( +y)) has a 
value of 0.45 at 10 °C and 0.37 at 15 °C. Considering that air 
temperature in the field was usually in this range and assigning 
frequent values to the resistances: rT = 120 s m -1  and 
rv -25 s m- 
1, 
 the evaporation rate of intercepted water would 
be 3 times faster than transpiration rates; thus, usually faster 
than what was observed in the field. It is possible that the 
canopy was not completely wet and, as a consequence, the measured 
evaporation rates would be lower than the maximum possible. 
However, since the comparison is for the same weather, on 
rainy days the air was usually saturated and in damp situations 
the stomata are likely to be well opened provided S> 0, as 
previously shown in Fig. 5.13. Thus, appropriate values of. rT 
are not the frequent ones but the lower 8nes instead. Using 
then r 	= 50 s m 	and considering (y/(A + y)) = 0.4 the 
ratio (Ei/ET)  is reduced to 1.8, in agreement with field observations. 
When the canopy was dry, the proportion ((x= XE/H) of the 
available energy (H) used in transpiration (XE) was in the range 
0.2 to 0.5 (90 % of the cases), and usually c = 0.35. 
In contrast, for 75 % of the cases of wet canopy, c was in 
the range 0.5 to 1, usually - : 	= o.63. Only a few cases of 
evaporation exceeding the available energy (a >1, and consequently 
< 1) were observed. 
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- Comparison with coniferous forest, crops and grassland. 
When water in the soil is not a limiting factor, transpiration 
rates from conifers, crops and grass are likely to exceed 
transpiration from heathiands where Calluna vulgaris is the 
dominant species. 
Forests have very low aerodynamic resistance: usually ray 
is in the range of 3 to 10 s m- 1 (Tarvis, 1981), and virtually 
the same albedo (0.10 - 0.13: Jarvis, James and Landsberg, 1976 - 
Table 1) as that of heather. These two features combined with 
relatively larger leaf area index (more shading, therefore small G) 
and small heat storage during most of daytime, contribute to greater 
levels of available energy (H) for forests than for heather under 
the same level of solar radiation (Se). 
Jarvis and Stewart (1979) reported that forests usually 
use 40 % of the available energy for transpiration (a = 0.4). 
For heather, the fraction of the available energy used in. 
transpiration was slightly lower (ct = 0.35), but even for equal a 
the transpiration from forests is then likely to be somewhat higher 
than that of heather because of the higher values of H for forests. 
Thus, much of the available energy either for heather or forest goes 
to warm up the air, decreasing its relative humidity (markedly for 
forests because of its lower aerodynamic resistance). 
The minimum bulk somtatal resistance of heather CrsT = 50 
S m 1 ) 
is comparable with those of spruce plantations: 50 sm 1 for 
Sitka and Norway spruce; and smaller than those of pine plantatiflS 
100 s m- 1  for Scots pine, lodgepole pine and Douglas fir (Jarvis, 
1981). In contrast, a grassy sward well supplied with water has a 
-1 
minimum rT  smaller than 50 s m , and for agricultural crops the 
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minimum r 
sT 
 =20 s m 1 (Jarvis and Stewart, 1979). However, they 
have higher aerodynamic resistance (crops: ray  betweeen 30 and 
40 s m 1 ; grass: ray  between 50 - 100 s m 1 ) and higher albedo 
(0.25) as compared to forests (Jarvis and Stewart, 1979) or 
heather. Nevertheless, because of their lower stomatal resistance 
most of the available energy is used in transpiration: a frequently 
between 0.8 and 0.9 (Monteith, 1965); or even a > 1 (Jarvis and 
Stewart, 1979). Therefore, under the same level of solar radiation 
the transpiration rates from grassland and crops usually exceed 
that of conifers. and heather. 
On the other hand, the evaporation of intercepted precipitation 
occurs at faster rates from forests, slower rates from heather, 
crops and finally grassland. This could perhaps be easily 
perceived by analysing the convective heat flux (C) instead of 
evaporation. By setting r5T = 0 (wet canopy) and replacing XE by 
(H - C) in the Penxnan-Monteith equation (Eq. 2.42), the sensible 
heat flux C is given by: 
PC 	Se 
C= () 	(H - 
 aV 
the term (pc/y) is about 1880 Jm 3 mb 1 at 15 °C for an atmospheric 
pressure of 1013 nib (standard astmospheric pressure). In cloudy, 
-2 
rainy weather the available energy H is usually about 150 Wm for 
summer days, and less in the winter. Thus, if the air is at 10 °C 
and there is a small vapour deficit of 1 nib (not so unusual), for a 
forest with r aV = 7 m s- 
1 
 the sensible heat transfer is from the air 
to the vegetation (C < 0, thus < 0) and evaporation is enhanced 
because the total energy being used to evaporate the intercepted water 
is then H plus 36 % of H (a > 1). For heather with rv = 20 s 
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the sensible heat flux is from the canopy to the air (C/H = 0.17, 
= 0.83). For crops with ray = 35 s m- 
1 
 a lower fraction of H 
is used in evaporation (a = 0.74) and finally for grass with 
ray = 100 s m 1 the proportion of the available energy used in 
evaporation is only 61 % (a = 0.61 since C/H = 0.39). 
In summary, transpiration rates of heather .are comparable 
with those of forests, which are lower than transpiration rates 
of crops and grassland when water in the soil is not a limiting 
factor; and evaporation rates of intercepted water from heather 
are comparable with those from crops which, in turn, exceed 
grassland evaporation but not the evaporation from coniferous 
forest. 
When the evaporation rate of intercepted precipitation from 
a plant cover significantly differs from its transpiration rate 
under the same weather conditions, the annual water loss from 
the vegetation depends upon the relative frequency of wet and dry 
situations, as well as upon the intensity of rainfall (Rutter 1975). 
The observed evaporation rates from Calluna were about two times 
faster than transpiration rates and there were few cases in which 
evaporation was enhanced by convective heat from air to the 
vegetation ( < 1 and a >1). Therefore, there might be situations 
in which predicted evaporation rates from the Penman potential 
Ii 
evaporation equation, i.e. Eq. (2.42) with rT = 0, may under-
estimate the actual evaporation rate. However, how often this may 
occur and to what extent it affects long term estimations of water 
use by Calluria, can only be answered through a more detailed project 
to investigate wet conditions,. including, for example, measurements 
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of rainfall intensity and duration, canopy storage capacity, and 
other relevant factors. To carry out this kind of work in remote 
sites like, for example, the rainy western region of Scotland, 
some modifications of the instrumentations used in this project 
could be helpful: 
the rotating booms could be improved by making them more 
- 	 portable and with a protective electronic device to avoid 
situations in which one of the magnetic switches fails and 
the boom continually rotates in one direction breaking 
then the sensors' leads; 
the heated Vaisala humidity system has attractive features 
and could replace (after solving the technical problems) 
the psychroineters with advantages, principally for working 
in conditions of a nearly saturated atmosphere; 
all instruments should be brought to the same power supply 
requirement (24 V or 12 V d.c.) to minimize the number of 
batteries needed on the site. When forced ventilated 
sensors and heating systems (e.g. Vaisalas) are required, a 
24 V supply would be preferable; 
the data logger should be better insulated from dampness either 
by constantly spraying its circuit boards with water-repellent 
laquer or by using it on its "active mode" inside an insulating 
box; 
ground loopings and leakage can be a serious problem principally 
under wet conditions. Shielding should be used and special care 
is needed when small signal sensors (thermopiles, etc.) are 
used in the field. 
Excepting perhaps the problem of the Vaisala humidity system 
(b), these modifications are neither difficult nor expensive and 
may greatly improve the acquisition and reliability of measurements 
in wet conditions. 
CHAPTER 6 
CONCLUSIONS 
Consistent estimates of sensible and latent heat flux 
densities were obtained from Bowen ratio determinations 
combined with measurements of net radiation and soil heat 
flux densities. The Bowenx-atios were determined by differential 
psychrometry from three reversing boom systems. The agreement 
between fluxes derived from each boom unit was usually within 
± 15 %. An error analysis suggested that this discrepancy 
between the booms could simply be the effects of measurement 
errors involved in each flux determinations, these were also 
about . + 15 % most of the time, except near dusk and dawn 
when the temperature gradients were too small and the errors 
become unacceptably large. 
From profiles of mean windspeed above the canopy, it was 
possible to evaluatè the roughness parameter z, the zero-
plane displacement d and the aerodynamic resistances for heat 
and water vapour raHV The height of the canopy (h) was about 
0.25 in and considering that the mean values obtained: 
z = 0.028 in and d = 0.16 m, were within + 14 % (95 % C.L.) 
0 	 - 
it suggests that the relations z /h =0.13 and d/h = 0.63 given 
by Monteith (1975) ,which apply to many other vegetation types, 
also apply to Calluna. The aerodynamic resistance raHV was 
-1 -1 
in the range 12 to 32 s m , and commonly raHV 22 s m 
Values of r 	were usually determined to within + 25 %. 
aH,V 	 - 
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The bulk stomatal resistance rST was usually in the 
range 50 to 175 s m 1 , and frequently rT  120 s m'. On 
dry days, the climatological resistance was in the range 13 
to 49 s m 1 , and often r. 	30 s m 1 . These resistances 
were obtained from measurements of the Bowen ratio ($), 
aerodynamic resistance (rH)I available energy (H = Rn - G) 
and psychrometric determinations of - the vapour pressure deficit 
(6e) above the canopy. The resistances were determined to within 
± 20 % for most of the time. 
On dry summer days the canopy was mainly a source of warmth 
to the atmosphere. On average,only about 33 % of the available 
energy was used in transpiration (c = 0.33). The available 
energy was about 70 % of the total incident solar radiation 
(H = 0.70 Se).  On average about 47 % of the incident solar 
radiation (Se) returned to the atmosphere in the form of heat, 
about 23 % was used in transpiration, 11 % was reflected by the 
canopy (albédo = 0.11), 17 % was lost by long wave radiation 
exchange with the atmosphere and only 2 % was stored in the 
soil (other small storage terms such as photosynthesis, which 
could use about 1 % of S at midday, have not been, considered 
in this work). 
On dry days, the magnitude of the sensible heat flux 
density (C) was usually about 200 Wm 2 ,.sornetimes being as 
much as 400 Wm_ 
2.  On average the transpiration rate was about 
0.15 mm/hr (100 Wm 2 ) and the maximum observed was 0.29 mm/hr 
(190 	
_2) 
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Comparisons between the two terms in the numerator of 
the Penman-Monteith equation, one with available energy and 
the other with vapour pressure deficit, showed that they were 
of equal importance in driving transpiration (J usually between 
O and 2, and frequently J = 1). 
Fluxes of sensible and latent heat were linearly related 
to the incident flux of solar radiation. By using these 
relationships in the Penman-Monteith equation, it was possible 
to derive an empirical expression relating the bulk stomatal 
resistance rT  with climatological variables, namely: incident 
solar radiation flux density (St)i  air temperature (T) and 
relative humidity (rh). The empirical expression accounted 
for 62.% of the variations of r 
sT
. Some of the scatter was 
possibly caused by changes in leaf area index, soil water content, 
windspeed and measurement errors. Nevertheless, the derived 
expression predicts that rST  decreases when solar radiation increases, 
rST increased with temperature and relative humidity, and accordingly, 
rST increased linearly with increases in vapourpressure deficit 
at constant flux of solar radiation. 
The Bowen ratio for dry canopy was in the range 0.4 to 5, and 
often 	2. In contrast, for a wet canopy varied from -0.84 
to 1.34, and usually 	0.6. 
The maximum:rates of transpiration and evaporation of 
intercepted precipitation were similar (about 0.3 mm/hr or 
200 -2) However, the hourly mean evaporation was about twice 
the transpiration. 
On average, about 63 % of the available energy was used in 
evaporation of the intercepted water (c = 0.63). In only a few 
139 
of the observed cases did evaporation exceed the evaporative 
equivalent of the available energy (ct > 1 and a < 0).. These 
few cases occurred on windy days at low levels of available 
energy. Thus, if such conditions predominate in a particular 
site, estimates of evaporation by the Penman potential evaporation 
equation may slightly underestimate the actual evaporation rate. 
Comparisons with work on other types of vegetation suggest 
that: 
in the dry canopy phase, Calluna possibly used slightly 
less water than coniferous forest, and consequently, less 
than crops and grassland; 
in the wet canopy phase, coniferous forests (usually a= 1.3) 
may evaporate at a rate twice as fast as Calluna and crops 
and the minimum water loss is that of grassland. 
It should be stressed, however, that these comparisons 
are not based on simultaneous measurements of water loss from 
different plant covers under the same weather conditions. 
1. 	
Considering the dependence of evaporation on factors such as 
frequency and intensity of rainfall, the extrapolation of the 
observations made in this work to analyse annual water loss from 
wetter sites such as the western region of Scotland would-not be 
completely reliable. 
In view of the importance of this subject for the assessment 
of water yields from land in different uses, a research program 
of great value would be one making a comparative evaluation of 
simultaneous water loss from different plant covers on 
predominantly wet sites. 
APPENDIX - A 
Derivations of integrated flux equations 
The wind profile and flux equations in an integrated form 
may be extended to situations of non-adiabatic atmospheric surface 
boundary-layers. The objective here is to show how the integrated 
correction functions () may be derived from a chosen set of 
"universal" functions (z/L), and the underlying assumptions 
related to sources and sinks for momentum, heat, water vapour, 
etc., involved in the derivation. For simplicity, the zero-plane 
displacement (d) was not included here, but it should be accounted 
for when applied to surfaces such as tall vegetation. 
Following the derivations, a method for estimating u, and z 
from diabatic wind profile is presented. 
From Monin and Obukov (1954) theory: 
Du
U 
(A - 1) 
z kz m 
DT 	C 	th 	 2) 
•zpckuz 	
h (A- 
p 
E 
az - - pkuz 	
w 	 (A - 3) 
Adding and subtracting 1 to the universal functions: 
Du 	ui 	(1- (l-4)) 
M 
DT 	 C 	(1- (1-4)) 
z pcpku*z 
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E 	(1- (l-)) 
pkuz 
Rearranging terms: 
= :k 	
((•) - ( 1 _ 4m)z) 
C 	( ( az) - ( 1 - - 
pc 
p 
 ku* 	z 	z 
E = - 	 ( (az) - ( 1_- pku 	- 	____ 
	
z z 
Integrating both sides from values at the surface to values 
at an arbitrary height z within the boundary-layer 
U 	 z 
Du = 	(1 	(az)- ! 	 ( 1 - m) z) z -  
0 	 0 Z 	 Z 
0 
T 	 z 
(f 	( - 	 z) 
T 	pc.ku 	 z• 	 z 
0 oh 	 oh 
q 	 z 
J. q=- E 
	 () -! 	(l-w) 3z 
z q 	pku r z 
ow 	 "ow 	
z 
where, z 
oh 	ow and z are the roughness length for heat and water 
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vapour, respectively, and 	and C are the values of C at
oh 
z = z 
oh 
 and z =-z 
 ow 
, respectively. 
- 
Since 	is function of 	= z/L, and L is height-independent, 
it follows that, 3C = (z/L). Multiplying and dividing by L 
within the integrals containing the function 4, and carrying out 
the straightforward integrals, we have: 
l-m 	d) 	 (A-4) u= 	(ln (—) - f 
z 
0 
(T -T)=- 	
C 	(ln(z) 	,.1-h 	d) 	(A-5) 
o 	pcku p * 	oh 
oh 
1- 
(q - q) = 	- E 	(ln ( z) - f 	 w 	d ) 	(A - 6) 
pku z ow 	ow 
Considering homogeneous bare 
for momentum, heat and water vapb 
and momentum transfer is entirely 
the surface (" skin friction '). 
and = z/L is very small, so we 
surfaces, the sources and sinks 
ir do not differ significantly; 
related to tangential forces on 
In this case, z = z 	= z -, 
o 	oh ow 
can write: 
 (ln(z/z = u*_	0 
(T0
- T. = Pcku 
(ln (z/z) - iP 
g0- q) = 
	pu 
	(ln (z/z) - 11)3) 
where, 
i 1 = 	 m 	d 	 (A-7) 
0 
Ip I 1h d (A 8) 
-) 
1P ) = 
0 
dC 
(A-9) 
Dyer and Hicks (1970) showed from analysis of field data 
that 
= (1 - 
for unstable conditions 
= (1 
and 
= h 	
w = (1 + 5) 
I - Unstable conditions 
1- 
m dC 
0 
= (1 - l6) 
- ¼ 
m 
for stable conditions 
143 
= z/L 
Let us call x = (1 - 16 = 
Changing variables 
= T.(l - x) 
d - 
	4x 3 dx 
16 
the limits of integration become I and x , so 
x (1 - x ' ) 
	
14) =1 	 ( 	 4 ) xdx 
1 	1 
	x) - 
x 
= ! 	 (x - 1) (-4x 2 ) dx 1 
(1 - x) 
x 
= 2! 	-2x 2 	 dx 
1 (1 + X 4 )(1 - x) 
(x - 1) 
x 
1 = 2! 	 -2x 2 	
dx 
(1 + x2) (1 - x) (1 + x) 
-(1 - x) 
x 
2x 2 	 dx 
(1 + x 2)(1 + x) 
144 
x 
= 2 f 	(1 + x 2 ) + (x 2 - 1) 1 (1+xZ) (1+x) 	
dx 
x 
2! 	( 	1 	(x-f-1)(x-1) 	) 	dx 
1 (1 + x) (1 + x z ) (1 + x) 
x 
	
1 	
1 	(1 + x) + (1 +. xZ) - 	( 1 + x2) 	
dx 
x 	 x 	 x 
= 2(f dx + f x 	dx - .1 	dx 
1 	
(1 + x) 	1 (1 + x) 1 (1 + x 2 ) 
x 
f 	dx 	= ln(1+x) -ln2ln((1+x)/2) 
1 (1 + x) 
x 
f 	x 	dx = 12 (ln(1 + x2 )- 1n2) = ½ ln((1 + x 2 )/2) 
1 -+X 2 )  
x 
f 	dx 	= tan- '(x) - tan-l (l) = tan'(x) 
1 	 - (1 + x 2 )  
145 
thus, 
= 2 ln(1 + x)/2) + in ((1 + x 2 )/2) - 2tan 1 (x) + 7/2 	(A - 10) 
146 
Carrying out the integration for 	and 
= p 3 = 
	
	 'h,w d 
0 
=
W = 
	= (
1 - 16C)- ½ 
again, calling x = (1 - 16)¼, it follows that 
= ( 1 - 16)½ = 
h,w 
(l - x) 16 
dr,= 1 (-2)x 2 
—(x' 	6- 
= 1 	1 - x 2 	(-2)x 2 d(x 2 ) 
1 (1_-_x) 16 
16 
x 2 
= I (I - x 2 ) (- 2x 2 ) d(x 2 ) 
1 (1 - x 2 ) ( 1 + x 2 ) 
x 2 
Y1 2 = 1 	(1 - x 2 )' 	d(x 2 ) 
1 (1 - x 2 ) ( 1 + x2) 
147 
h1. 2 _2f 	d(x2 ) 
	
= 2(ln (1 + x2) - 1n2) 
i (1 + x) 
so, 
= 	= 21n ((1 + x2 )/2) 	 (A - 11) 
II 	- For stable conditions 
mhw (1±5) 	= 
123'o 1c= li 
= J. (-5)d 
0 
thus, 
= ~2 = 3 	 (A - 12) 
Once the integrated functions i4J(z/L) are known, we 
can rearrange terms in Eqs. (A 
- 4), (A - 5), (A - 6), recall 
Eq. (2.1), i.e.: 	T = P1.12 , and express the wind-profile and 
fluxes equations in their general integrated forms: 
u(z) = * (ln(z/z 	
- 	
(A - 13) 0 k 
ku(z) 	2 	 (A - 14) T 
= 	1n(z/z ) 
- 0 
pcku C = 	p * 	(T - T) 	 (A - 15) 0 ln(z/z 
- 2 0 
E = 	pku 	 (q0 - q) 	 (A - 16) 
ln(z/z ) - 
0 	2 
148 
Evaluating u and z 
0 
Eq. (A - 13) can be written as follows 
(ln(z) - ip 1 ) 
=
u(z) +],n z 
By plotting (in (z) - 
	
against u(z), as in Fig. (Al), 
values of u,, and z can be found from the slope of the straight 
line, and from the intercept, respectively 
- slope= 
Wind speed, u 
ki 
Fig. (Al) 	Graph of (ln(z) - i4i ) against averaged 
horizontal wind speeds u(z). 
JNI 
C 
In; 
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Appendix B 
Table of Results 
The following 20 tables contain hourly mean values of 
fluxes, resistances and other variables described below. 
The canopy state (dry, partially wet or wet) is specified 
for each day. 
The symbols and units.used in these tables are: 
Time - GMT 
St 	- incoming solar radiation (Wm- 2 
Rn 	- net radiation (2) 
• 	- soil heat flux (2) 
Ta 	- air temperature at reference level: Z = ½ m above ground 
vpd 	- vapour pressure deficit (mb) 
Rh 	- relative, humidity (%) 
u 	- windspeed at reference level z (m s 1 ) 
- friction velocity (m s) 	
r 
Ri 	- Richardson number. 
H 	- available energy (Wm- 2 
C 	- sensible heat flux (Wm- 2 
LE 	- latent heat flux (2) 
- Bowen ratio 
ra 	- aerodynamic resistance for momentum (s m 1 ) 
ri 	- climatological resistance (s' m 1 ) 
rb. 	- excess resistance (s m 1 ) 
rc 	- canopy resistance (s m) 
rst 	- bulk stomatal resistance (s m- 1 
ALB 	- albedo 
nST 	- net incoming solar radiation: (1 - Pc)St (Wm -2 
nLW 	- net long wave loss: L d - L u 
 (Wm2) 
** 	- aerodynamic resistances estimated from Eq. (4.23) 
Note: the aerodynamic resistance for heat or vapour were calculated by 
( 
12th (Diu  ) 
Time 0'1 Rn 0 Ta v'd Rh 	I.Jr 	U* R:i. 	II C LEE t 1'3 i'i rb rc rst Al...I: nST nLW 
G!30 581 393 o  15.2 0. 0 100 343 207 56 5.15 12 0 0 95 155 0.17 404 91 * I' 
9130 637 446 34 16.7 0.() 100 412 295 117 2.53 12 0 8 44 73 0.13 552 106 <* 
1000 $ / 407 30 [H • I 0 0 100 'Psi 313 1 11 2.17 12 0 0 40 6 7 0.12 594 107 4 
:l.:1J30 744 542 31 107 0,1 :100 511 349 162 2,15 10 0 7 :ss 59 0.12 657 115 ** 
12:30 787 556 53'20.0 0.0 100 	' 503 37:3 130 2.07 10 0 7 54 91 0.14 672 -117 
1030 'ilY 42 2W4 0.0 100 'i 520 I',/ 2.05 12 0 0 45 72 0.14 651 II 
:1.4:30 620 445 :1.319.9 7.5 68 432 333 99 3.37 9 33 6 202 241 0.10 558 •-113 ** 
153() 517 366 1:118.8 60 70 	' 	.'. 355 278 77 :3,61 9 35 6 22() 259 0.10 464 ''98 
1600 io S 274 10 10.6 ' .'•H 72 I 205 59 3,47 9 II 6 236 271 0.11 .60 H, I 
13'Lh 	(Drs (:)rl(:)F':i 
Time St Ii (''1' ':3 vd Rh Ur 11*: R  Ii C LE L ra r  rh re rst A[..F r'iS'l' r'iI...W 
83'0 615 458 7 15,1 5.3 69 2.7 0.5() ••••0.01 451 347 104 .3.32 11 22 7 146 178 0.1() 556 -90 
930 603 441 (3 16.7 7.4 61 3.2 433 322 111 2.08 9 52 5 163 109 0,09 105 
103() 664 497 :I.() 17,8 ON 57 2.5 0.45 0,02 487 352 135 2.61 12 34 7 172 204 0.09 601 -'105 
11 :30 W 364 10 1 70 , B.6 'iU 354 ''H 96 2.69 9 46 6 200 234 0.00 443 79 I 
1200 521 405 10 17.1  7 61 So'' 501 91 3.22 / 56 ' I 00 213 0.08 470 -73 It 
1030 30 635 402 10 :1.8 • 0 8.2 61 " '' ' 472 363 109 3.35 7 33 5 :183 211 0409 577 .95 
14130 352 251 9 107 7,5 61 242 195 47 4,10 9 5(3 6 361 401 0.00 323 '"72 ;i* 
HAY 21st ( lirti'J. 1'.: w('(; cri(:)p9) 
'I':iiIie St Rr 0 '1's vd Rh (Jr U* Ri El C L.E F j. rb re psi. AI...E r3i' nl..L'J 
B:30 51 12.6 0.0 100 2.6 0 o.oI 290 119 149 1,00 U 0 6 4 / O.l'i 373 U 
9:30 271 180 55 12,7 0.0 100 2.4 0.54 0.() I. 14 71 68 1.12 0 0 6 ', 9 0.19 223 15 
1030 384 267 34 13.7 0+0 100 1.0 0.45 0.02 233 116 117 0.99 9 0 7 5 9 0.15 325 NO 
11 00 525  417 33 14.5 0.0 100 2.4 0,' 0.01 504 179 205 0,137 0 0 6 3 • 0.15 450 S 
12130 617 46220 16.2 5,4 71 2.7 0+50 -0.02 442 242 200 1.21 0 23 6 60 67 0.12 549 '87 
133() 539 392 34 16..1 3.2 83 2+3 350 :189 169 1.11 0 17 6 44 50 0.14 460 76 
14130 B26 610 54 I / • / + 	' 73 2.0 0,64 -0,02 504 546 238 1.45 / 10 ', 5 7 61 0.12 /$ LOU 
153() 540372 9 17.() 9.9 49 4.0 0.90 0.00 363 227 136 1.66 4 51 3 144 157 0.,10 492 120 
163() 311 222 6 15.7 8.7 52 2.2 0.59 -0.01 216 114 102 1411 6 75 5 164 170 0.09283 6:1. 
173() fl 40 5 14.5 7.3 56 2.1 0.45 0.00 35 11 24 0.43 11 392 7 557 555 0.07 69 29 
25th (Dru   car,c)p'.:s ) 
T:i.iiie St Rn 0 Ta v'd Rh 	(Jr 	0* Ri 	II t:; LE 13 ra ri rb re rt AL.}:i nSt r'iLW 
9:30 500 503 5 11.6 3.0 72 - 	' 3713 275 103 2.68 6 19 4 86 97 0.10 459 •-77 ** 
103() 379 287 6 11,4 3.7 73 	'' 2111 198 83 2.38 9 25 6 105 118 0.10 342 -'55 ** 
113() 334 254 7 11,2 3.3 76 - 247 166 81 2,06 9 25 6 92 103 0.10 300 --46 ** 
123() 307 235 7 10.7 2.0 713 	'' 	 ' '- 	220 153 75 2.03 9 23 6 05 95 0.10 276 -41 ** 
13:30 558 443 5 12.7 4.6 69 - 430 332 106 3.12 7 2() S 107 125 0.09 5066:3 >v* 
14:3() 437 299 6 12.2 4.2 71 29321075 2.92 9 27 6 135 154 0.10 392 -93 ** 
1530 565 413 6 13.0 4.0 60 407 299 108 2.76 7 22 5 105 121 0.1() 506 ....93 ** 
16130 IuU 205 4 12.3 '. 64 'UI 150 151 1.14 1 55 74 73 0.10 366 -82 
25 139 3 11.1 4.5 60 IS., 01 49 1..8() JO 59 / l"i 141. 0.09 214 74 'V4 
I-.. 
Ui 
Time St Rn t: i> vi'd Rh 
o:3() 32 144 4 7.5 0.0 100 
930 160 2011  0 (((f 0.() 100 
1030 23() 226 11 9+6 0.0 100 
11:30 250 22() 14 10.7 0. 0 1(X) 
1230 355 295 15 11,1 0.0 100 
:l.33() 331 266 	13 11+3 0.4 97 
4th 	(Nat 
Lii' 	11* 	Ri 	H C LE D ra ri rb vc rst ALE( nST rLW 
140 23 117 0.20 7 0 5 -5 -9 0.24 17 127 ** 
P193 60 133 0.45 9 0 6 -4 -7 0.35 145 56 ** 
215 57 158 0.36 7 0 5 -4 -7 0,12 204 22 ** 
206 66 140 0.47 9 0 5 -6 0,12 228 -8 ** 
- 	 - 	
- 	 200 131 149 0.88 6 0 5 1 2 0.12 314 -1(3 ** 
- 	 953 139. 114 1.21 7 3 5 11 14 0,11 294 -20 ** 
/ 
JUNE - 14th ( Wet rio 
i:i.i? t:;.(. C L•' vpd ith 	Ur 	1.1* ii 	H c: LE B ra :j.. rb re r.J. AID nST nLW 
6:3() it 10:::' 33 12.() 0,() :100 :103 -34 137 ••0.25 4 0 3 -5 -9 0.34 -5 100 ** 
70 71.125 29 12.0 0+0 :100 	............ 125 14 :111 0.13 7 0 5 -6 .... 10 0.37 47 70 *1 
B;30 142 176 20 11 .8 04() 100 148 44 104 0.42 1 0 5 ', 0.23 114 62 
MO ) 105 136 27 11,6 0,0 100 109 35 74 0,47 9 0 6 ', 0.26 /i 'iO 
10:30 330 319 32 :12.0 0.() 100 	- 207 :103 :104 0,56 6 0 (f..... 1 -2 0.2() 280 39 *4: 
:1:1:30334 277 37 14() 0.0 100 - 24() 96 144 0,66 9 0 () 0 0 0.15 204 -7 ** 
12!30 >09 223 45 14.6 0,0 lOt) tO! 116 0.92 JO 0 0 ", 9 0.10 2 3 7 I'i I1 
1330 379 292 56 15.9 0.0 100 - 	236 127 109 1.16 9 0 6 9 15 0.18 311 -19 ** 
14:30 852 641 81 19.2 0.() 100 	- 	- 560 345215 1.61 7 0 5 17 29 0.15 724 83 ** 
15 :30 351 239 76 17.4 0.0 100 239 137 102 1.34 15 0 10 24 40 0.27266-27 ** 
1$30 262 :1.83 59 :16.6 0+() 100 	- 	- 103 100 83 1.2:1 7 0 5 9 15 0.25203 -20 ** 
17:30 292 200 30 16.5 0.0 10() - 	162 91 71 1.27 9 0 6 :12 2() 0.16 246 ....4(f 
1-1 
U' 
tlj 
JUNE 16th (Dr ru :r,t:•'t ) 
,L V} ITh Ur 
j. H C LE fl r> 
4 
ri. 
'9 
rb 
' 
re 
Ii / 
rst 
I 
AID 
0.09 
nOT 
U'+ 
nI...W 
'C+ '14 
I 	IfflV 
k,.-.:,'' •.1.:) 
>i 
....Ji; u 
iç >4/ 18> Th 
U 4 
'./9 
1.40 6 
. 88 .. 91 . 0. 10 i 
'71 '('k 
11130 1 / 
U 	A / '00 
149 
ii / 
u  o, 1 / 4 // 
79 0,10 I /4 19  
'U I 
,I 
 
154 U' /) I• 	0 9 >6 / 61 
64 0.11 197 4  1( ' 
219 163 9 9.4 .I 82 
- 203 713 205 0.313 7 :1. 5 ••3 
-6 0.1() 332 -35  >1* 
: $3 297 :1. 4 8:4 041 99 
JUNE - 21st (Dru   cdr(:)P.s 
Time St R , (3 f3 V)'d j C LE 11 . 	PU P 
i I'b 1'C rst AID iiT iii..W 
00 50732.1. 7 11.5 4.3 69 0+7 0.35 2.30 314 197 117 1.69 6 
26 10 79 91 0.11 449 128 
8::30 35$ 262 10 11.5 4.2 69 :1.3 0.34 -0,20 252 157 95 1.66 :1:1 31 
i() 97 :110 0,:1() 318 613 
93() 603 439 15 14+3 5.7 65 :1.9 0,37 -0,15 424 275 149 1.84 14 
25 9 99 110 0,10 542 -103 
10:30 R>$  567 2 4 16.0 7.4 . 	I 2.4 0.45 -0.11 543 3 71 172 2,16 1 26 
7 11B 142 0.10 71 -195  
11:30 771 5132 25 17.7 13.2, 60 2.8 0.46 -0.07 557 370 179 2.,1() 13 28 7 
127 151 0,1() 695 -149 
123() 046 614 25 1040 9.9 55 2.5 0.45 -0.11 589 399 190 2.1() 12 31 
7 136 162 0.1() 763 -149 
13:30 809 586 22 19.5 11.3 'sl 2.5 0.49 04I4 564 487 177 2.10 ii 38 / 162 189 
0.10 728 ii> 
1400 761 552 21 205 12.6 40 2+3 0.52 -0.23 531 369 162 2.20 13 44 6 1713 206 
0.1() 682 131 
:1530 $7:3 484 10 20A 12,1 49 2,5 0.50 ....0.12 466 320 138 2.37 10 49 
70f3 238 0,11 602 -117 
16130 523 / 13 19.5 11 .0 52 2 . 7 0.43 -0.04 354 242 112 2.16 15 'aU U 230 268 
0.11 ' jI6 -104 
17:30 '8 261 11 18.2 U U 50 2W 0.41 0,0 ''>0 164 136 1.92 I / 66 13 241 265 0.12 +49 
78 
1:130203 1.31 7 16.2 7,() 62 2.9 0.41 0.00 124 50 74 0.67 17 106 8 
101 103 0.13 177 73 
19130 I II U 'I 2A 0.34 0,01 19 I'' >'1 	I AM 20 477 io '1k>: H' 0.14 
° 10 
.:'() 313.2 3+4 78 20 0.34 0.0:1 .34 -13 -21 0,62 20 *:><* 10 '*'' *:*>K 0.12 35 67 30 .11 
Fl 
Ui 
22ti':i ( ii i''.:i cali(:)P 	) 
i:iiii:' S•t', Ir t: To vi Rh Ur L.J* R:i. II c LE B.  ra ri rb re rst, ALB iiI iI ... Ii 
:) 225 :1:11 2 :10+4 141 91 1.8 (),2 • 0.03 109 7() 39 :1.8() 28 19 
13 9() 1()3 0.15 191 Al. 
::) 3() 191 6 120 2.2 04 :.() ()44 ().02 105 119 66 i.,2 16 23 7 9() 103 0,14 28 9 
7;3() soo :530 :1:0 129 2.9 81 3.9 0.54 ••••o.o:i 32() 200 :112 1.05 14 17 6 73 04 0.12 
439 --107 
u 509 441 16 12.9 2.3 04 4.4 0,58 -0.02 425 UI 114 2.74 13 10 6 70 97 0.17 59 76 
9:30 631 465 21 14.6 3.7 78 3,6 0,45 •-0.03 444 306 138 2.21 17 16 7 96 11.7 0,11 
577 •-110 
103() 709 548 22 15.0 4.2 76 4.5 0,57 -0.02 526 309 137 2,04 14 15 6' 110 133 0,12 605 
-101. 
11:30 10 18 13.0 4.0 77 4.0 0. ' ,I -0,02 19 269'123 . 10 l'i 19 6 100 , 118 0. 14 47 
74 
12430 070 637 21 17.4 6.4 60 4.4 0.58 -0,02 616 429 187 2.29 13 19 6 107 120 0.10 703 
-149 
13430) 045 638 21 17.7 6.8 67 3.7 0.49 -0.03 617 429 180 028 15 21 7 121 146 0.10 757 1.19 
:14130) 609 430 19 17.6 6.6 67 3.6 0.45-0.02 419 295 124 2.38 17 30 7 163 191 0,11 
544 -120 
30 455302 15 16.1 4.7 75 2 9 0.37  --0•02 287 185 102 1.02 21 31 9 135 156 0.10 408 - 107 
16:30 578 101 12 16,9 5.5 72 2.9 0,38 -0.03 389 267 122 2.20 20 26 9 145 174 0,12 508 --108 
1030 20 10 15.7 4. 16 2.6 0. 0.02 220 133 UI 1.52 25 37 I'.) 15 153 0.13 316 U. 
18430 249 135 7 15.2 3.8 78 2.3 0.28 -0.01 128 65 63 1.02 29 56 12 134 143 0.14 236 -00 
19130 131 38 6 13.9 2.7 83 2.1 0.26 0.00 > I 253 -O.S7 L' 166 I 55 87 0.16 111 1 
2030 33 43 3 :12.3 :1,5 139 2.6 0.31 0,0:1 --46 --41 --5 8.7227 62 11 *** *1<* 0,15 213 -7:1, 
JUNE - 23 (r r 
Time St Ri'' (3 To vci Rh Ur 0* Ri II C LE t ra ri pb re rst ALI3 nOl iLW 
5:30 61 443 3 9.4 0.1 101 1.2 0.13 --0.03 452.1. 24 0,139 67 -3 26 -1 1 0.16 51 
-4 
) 00 63 4 9.7 0 	' 101 2,0 0,24 0.01 59 27 32 0.07 35 5 1 
/ 0.10 c,, I 
7130 90 69 3 9,9 0•0 100 1. 9 0 .23 - 0.02 64 31 33 0,92 5 1 I', 3 5 0 • I U 74 A. 
8:30 379 296 8 11,8 1.5 139 2.7 0.34 -0.03 2013 175 113 1.55 24 10 10 53 65 
0.13 333 ....37 
9!30 257 '00 10 12.0 I 	i 87 '; 0.31 0•0 190 119 / 1 1.68 6 I U 11 04 100 0.12 2 '6 1 
10330 'v'> 251 " 14 13.1 • 5 83 2. 7 0.33 -0.03 237 15 85 1 .78 25 20 I') 98 116 0,12 '89 
9 
• 4.o 191 155 13 12.1 I B9 2.0 0. 0.01 140 81 55 1.62 25 21 I') 88 10' 
0,12 172 19 
1230 237 185 12 '1.2.52.1 86 2.9 0.34 -0,02 173 107 66 1.63 7523 10 95 109 0.12 209 
"25 
1300 161 131 10 12.3 1.9 07 2.9 0+34 0.01 121 72 49 1.40 25 30 10 102 114 0.12 .142 
-1:1. 
14:30 I I',', 9 12.4 2.1 86 2.9 t) 	• ' 0. u I 146 85 61 I.3B 21 26 10 06 4)6 0.12 171 
I 
15:30 67 49 8 12.0 1.6 89 3,1 0.35 0,00 41 :19 22 0.9() 25 73 10 :145 1413 0.15 57 '"13 
16130 '.'% 54 7 :1:1.7 1.3 90 3.0 0.33 0.00 47 22 25 0.89 27 54 :10 108 1:11 0,15 62 9 
173() 70 52 6 11.5 1,2 91 3.2 0+36 0.0)0) 46 20 26 0.77 25 49 9 88 89 0.17 60 "9 
ISM I 	> 129 ,' 12.2 1.5 09 2.8 0.31 0,01 122 62 60 1.05 29 1.1 62 68 0.15 .3 	'46 18 
JULY - 	12th (Wet c3r,o:s) 
Time t l:r i  G A vpd Rh hr 11* Ri H C L..L L ra 
ri rb re rst Ai...L4 nST MW 
83() 142 114 34 109 00 100 1.3 0.27 •0,14 114 42 72 0.59 18 0 
12 4 7 0,26 107 13 
9130 117 
9y; 11.0 0.0 :1.00 0.9 0.25 ....0.31 97 45 52 0.87 14 0 14 2 
4 0,36 78 19 
1030 271 218 46 :12..1 0.0 :1.00 1.0 0,33 0.96 2:18 100 :110 0.84 9 
0 10 2 4 0,24 21() 7 
1100 I/ 4 132 40 11.9 0.0 100 I • 0 0. 	9 0. 49 132 6' 70 0-09 12 
0 12 4 6 0.36 114 18 
12130 I 	' 130 1' 12A 0.0  1 00 0 • 1 0.34 -1.94 130 68 62 1,09 6 0 
I 0 4 9 0,42 111 19 
13130 1  4 201 35 I 	8 0.0 100 0.9 0.32 , 	'1 201 84 117 0.72 U 0 
10 I 2 0.37  I9 4 U 
IMO ' I 	P1 102 ',I 13. 2 0,0 100 6.9 0.26 -0.24 10' 54 49 
1,10 14 0 13 9 18 0.57 68 34 
153() 104 68 34 126 NO 100 1.3 0,26 ....0.07 68 51 17 2.9() 18 0 
13 59 103 0.72 4() 28 
I 	u + 157 107 28 12. 7 0•0 1 00 1. 9 0432 -0.02 107 48 59 0 , 01  
19 0 JO 4 6 0.45 97 
1730 2(36 167 27 13.2 0() 100 1.8 0432 ....0,04 140 49 91 0.53 17 () 10 
3 5 0.27214 .47 
183() 263 146 79 .13,8  NO 100 1.4 0.27 •0,07 117 38 79 0.48 19 
0 12 0 0.26 194 749 
19:30 167 66 29 12.6 NO 100 1.4 0,24 0,01 66 ..3 69 0.04 25 0 14 
26..... 41 0.213 121 55 
JIJI...'( 	........ th (Wet cr,t:s 
Time 3t hii G Ta v1:d Rh (Jr hJ>< . 	R:i ii C LE: B ra ri rb rc r.)(, ALB n;I iiL..W 
600 97 81 7 U • 0.0 IOu 74 20 54 0.3B 9 0 1, ' j U 0.13 4 * ,,k 
030 130 114 4 9 .0 0 0 100 110 40 80 0.37 I 	' 0 9 / -12 0.11 I 	4 V.,  
U 	0 M 115 9 0.0 100 113 4' UI 0.40 9 o 6 ', U 0.11 I 	' 	4 U Vlk  
9 • 	t) 439 340 7 11.7 0•U 94 333 141 .19 	> 0,73 I 0 ' 0 9 9 0.12 486 445 ' '1 
1000 502 367 12 1 3.7 2.2 86 S',S 170 185 0.92 12 12 / 2B 31 0.13 446 69 * 
u 250 I' 13 10,5 0+() IuO 179 80 99 0.181 10 u 0 I. 1 0,11 47 P1 
12:30 304 224 U II 	' OA IOU 216 15 141 0,53 20 I 15 4 U 0.11 272 - 48 H 
13130 137 ' 4 9.4 '' 	 ' 98 96 25 71 0.35 '0 4 14 6 -14 0.11 I 	> 24 3 
14130 P39 252 II 	• 4 98 - - - 218 813 160 0.55 I', 2 11 1 4 0.10 414 61 M. 
15 : 30 197 6 I1.5 ON '''' 191 14 117 0.4 17 6 / / 6 0.11 235 48 
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